
constant background pressure of 500 torr. In order to maintain minimum damage to the silicon
and limit the effect of the microstructuring on the high gain performance of the APD, we
minimized the size of the structures while still targeting enhanced absorption in the near-IR.

Following texturing, the APD wafers were either packaged with our standard processing
techniques or they underwent thermal anneal in a laboratory oven in an N2 atmosphere.
Annealing ranged from 200 to 950 °C for up to 24 hours. Our standard packaging consisted of
coating the APD with a passivation layer, attaching electrical contacts to both the anode and
cathode, mounting on a supporting substrate and applying a polymer underfill.

Two 16-element detector arrays that were microstructured are shown in Figure 1. The
effect of the microstmcturing was evaluated across the array grooves and on individual pixels.
One of the samples shown was divided into four different processing regions, each structured
with a different number of laser pulses (0, 10, 100 and 300). The darkest region represents a
greater number of laser pulses, while the shiny region is an unstructured region for comparison.

We investigated the effects of the processing conditions and thermal annealing on the
performance of the APD detectors. We measured the current generated from each
microstructured APD over a range of wavelengths emitted from a white light source dispersed
through a monochromator. A 200 V bias was applied to each detector to ensure proper charge
collection without internal gain. A NIST-traceable photodiode was used to calibrate the absolute
response of the detector. In addition, a reference photodiode was used to monitor the output of
the white-light source over time.

The gain profile of both structured and 11011-structured A PDs was measured by employing
a low-power, pulsed or CW diode laser source. When recording the CW signal, a picoammeter
(Keithley model 619) was used to monitor the APD output with no additional amplification
electronics. The pulsed setup used a 1 us laser pulse, a charge-sensitive amplifier (Cremat model
CR-110) and a spectroscopy amplifier (Canberra model 2020) was used to amplify the APD
output. The minimum detectable energy was determined when the bias was set to unity gain.
The bias was then increased and the photo-induced signal and dark current were recorded at each
setting. Neutral density filters were used to reduce the laser power as necessary. Response to
radiation from 635 nm and 1060 nm. laser diodes wras evaluated.

A passive Q-switched microchip laser (Uniphase model NG-10120-101) with output
radiation at 1064 nm and 532 nm was used to estimate the bandwidth of the detector with and
without microstructuring. The pulse width of the laser was monitored with a 1 GHz photodiode
and compared to the APD output at various bias settings.

To help evaluate if the bandgap of silicon was altered following the microstmcturing, the
photocurrent generated from the detector wras measured as a function of temperature. The
devices w7ere placed inside an aluminum enclosure that had optical and electrical feed-throughs.
The enclosure was then placed in a heavily insulated liquid nitrogen bath for cooling below 100
K while a constant source of illumination at 1060 nm or 632 nm w7as incident upon the detectors.
As the detector slowly warmed (< 1 °C/minute) to room temperature, the unity-gain response at a 
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reverse bias of 200 V was recorded. The response from microstructure and unstructured APDs
were compared.

3. Experimental Results
Figure 2 shows the quantum efficiency of a single element APD with structured and

unstructured regions as a function of wavelength. The data was collected with a 200 V bias
across the APD junction to assist with the charge collection and ensure unity gain response. The
response at wavelengths below 950 nm is dramatically reduced following the microstructuring
while being enhanced at the near-IR wavelengths. The response was enhanced at energies below
the bandgap by as much as a factor of ten, but the overall quantum efficiency was always
relatively small (< than 0.01 % at 1300 nm). These results were fairly consistent for most
processing conditions.

Table 1 provides the values for the measured QE at 1064 nm for several microstructured
APD arrays or A.PD pixels as a function of various processing parameters. The equivalent
unstructured devices exhibited a range of efficiencies that varied depending on the APD
fabrication properties. The initial efficiencies following microstructuring were typically no more
than 30% higher than the unstructured samples. However, the addition of a thermal annealing
step increased the QE by over a factor of two. Consistent QE values at 1064 nm reached 40% or
higher with low7 temperature annealing and as high as 58% with high temperature annealing.
Thermal annealing did not affect the QE of the unstructured APDs that were used as reference.

We found that the most reliable microstructure processing used 100 laser pulses at 3.5
kJ/irT in an atmosphere of SF6. While the processing atmosphere did not appear to affect the QE
prior to annealing, the relative increase following annealing was greater for devices that were
structured in atmospheres of SF6 or H2S 25 Higher fluences or more laser pulses did not lead to
higher QEs and were more damaging to the samples. Fewer laser pulses and a lower fluence
were less reliable resulting in poor uniformity across the detector surface. Finally,
microstructuring across the grooves between APD pixels did not produce a detrimental effect or
limit the yield of functioning detectors. This promoted a means to structure an entire silicon
wafer without limiting the existing planar processing capabilities.

The thermal annealing was also considered essential to obtain the enhanced near-IR
response. The high temperatures (> 850 °C) also allowed us to drive in an additional surface
doping to assist charge collection. In addition to the enhancement to the near-IR QE, high
temperature thermal annealing improved the response in the visible. Figure 3 compares the
response as a function of wavelength for a structured APD detector that was annealed at 950 °C
with one that was annealed at 900 °C. Although we had limited sample numbers, the yield of
working devices appeared to decrease following the annealing at temperatures above 900 °C, but
the detectors that operated with low noise, maintained an enhanced QE in the near-IR.

The amount of light transmitted and reflected from the silicon at normal incidence was
characterized with an unpackaged, partially structured APD wafer that was heated to 900 °C.
Using a 1060 nm light source we found that the unstructured silicon had transmission and
reflection of 42% and 33% respectively. These values are consistent with our APD thickness of
~ 250 pm. The structured detector, on the other hand, had transmission ranging from 4 to 7% 
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and reflection of < 3%, indicating that up to 50% of the electrons created during absorption are
not collected at the electrode.

APD gain and noise performance were measured prior to and following the
microstructuring. Figure 4 shows the typical gain response curves as a function of bias for a
microstructured APD at two different wavelengths. The maximum gain at 1060 nm approached
- 400, while the gain at 635 nm was > 1000. Interestingly, the gain and dark current dependence
on bias was nearly identical to the detectors that were not microstructured.

Figure 5 shows the response of a microstructured and unstructured APD to sub-ns laser
pulses at 532 and 1064 nm. The output from the APD was terminated with 50-Ohms at an
oscilloscope to collect the data. No additional amplification electronics were used during this
measurement. Again, there was very little difference between the two detectors, with a slightly
faster fail time from the structured detector. While the response was faster at the higher bias, the
difference between detectors did not change.

The unity gain response of a structured and unstructured APD was also compared as a
function of temperature. Figure 6 shows the output signals normalized (to laboratory ambient) as
a function of temperature. The decrease in QE as a function of temperature is expected because
the bandgap energy increases with decreasing temperature.’ The bandgap of silicon ranges from
1.12 eV (1120 nm) at 300 K to 1.16 eV (1070 nm) at 50 K. Again, there was a negligible
difference between, the microstructured and unstructured APD response as a function of
temperature. This similar behavior also holds at 635 nm, where the QE for wavelengths far from
the bandedge remains nearly constant with decreasing temperature.

4. Discussion
The most significant result of this work was the ability to fabricate a silicon-based APD

with a QE of 58% at 1064 nm. With usable gains of 400 to 500, this translates to a responsivity
of > 200 AAN. Equally important is the ability to integrate the microstructuring into a planar
processing sequence without requiring additional labor-intensive steps.

Microstructuring in atmospheres of SF6 or H2S followed by thermal annealing produced
an improvement in QE for every A.PD detector tested. Previous observations showed that
irradiation of silicon with femtosecond laser pulses in a sulfur atmosphere resulted in a high
concentration of sulfur (~ 1 %) in the disordered surface layer.1’’2' It is theorized that those
sulfur atoms play a critical roll providing a mechanism for absorption beyond the bandgap.24
However, based on the measurements at 1300 nm in this study, it is apparent that this 1R
absorption does not produce a high detector responsivity, suggesting that recombination at the
surface hinders charge collection. The significant decrease in the QE for wavelengths below 950
nm is consistent with enhanced charge collection near the surface.

APDs structured in any background gas showed initial enhancement in their QE, but they
did not exhibit a significant increase following a thermal annealing unless processed in a sulfur-
containing atmosphere. This suggests that the microstructuring alone produced a slight
advantage for the longer wavelength light due to surface scattering or photon trapping increasing
the effective path length through the structured APD compared with an unstructured detector. 
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However, a second mechanism is needed to alter the dynamics of the trapping sites following
thermal annealing. This secondary mechanism appears to be related to the sulfur content and
annealing temperature. As the sample is thermally annealed, the charge collection increases
although previous studies have shown that the total absorption decreases.14 Simple
reorganization of defect sites, reducing the trapping of electrons in the APD drift region is the
most likely mechanism. Another possibility is an 11-type silicon layer which, research has shown
forms in the presence of a sulfur atmosphere during microtstructuring.19 This induced doping
will create a near-surface p-n junction on our APDs, decreasing the ability for the charges to
reach the collection electrode. We suspect that the high temperature annealing may modify this
layer and help compensate for this interference. However, further studies are required to validate
this theory.

The detection of radiation with a long penetration depth is limited by lower achievable
APD gains because some of the radiation is absorbed in the depletion region of the detector,
limiting its path length through the amplification region. Shorter wavelengths, on the other hand,
are absorbed closer to surface of the detector and achieve higher gain. This gain reduction was
also observed in the structured detectors (Figure 6). If the enhancement were strictly due to
greater absorption near the surface region of the detector we would have expected to measure a
modification to the gain profile, including a larger maximum gain at 1060 nm. Because the gain
dependence for the structured and unstmctured APDs w-as nearly identical, we assume that the
photons detected are absorbed at nearly identical depths. This suggests that we are still not
taking advantage of the increased photon density absorbed near the APD surface.

Other intriguing pieces of data are from the APD temperature dependence and speed of
response to 1064 nm radiation. If the enhancements were due to new bandgap states from the
introduction of sulfur, we would have expected a more pronounced shift in the temperature
dependence of the near-IR QE. In addition, if the structured APDs had a significant amount of
absorption near the surface region, we would have expected the response speed to slow down, as
a greater number of charge carries need to make their way through a drift region before
amplification. However, neither of these effects was observed from our experimental
arrangement further indicating that the microstructuring layer behaves as an antireflection
coating increasing the total number of absorbed photons.

Although further studies are required to fully explain some of the experimental results, it
is apparent that the increased absorption results in an increase number of charge carriers. The
large number of defect sites created by the microstructuring limits the flow7 of charges from the
near-surface region. Thermal annealing reduces or alters some of the sulfur-induced charge­
trapping sites or limits the effect of a competing n-type layer formed following the structuring.
Evidently, thermal annealing creates additional charge carriers near the depletion region, w-hich
are collected, resulting in improved QE in the near-IR.

S. Conclusion
Microstmcturing of the surface layer of an APD with a femtosecond laser in an

atmosphere of SF6 has been shown to increase its responsivity in the near-IR to over 200 AAV at
1064 nm, without increasing the leakage current or slowing its speed-of-response. An additional
annealing step is required following the microstructuring to achieve these high responsivities. 
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We have demonstrated this processing on the wafer scale without adding significant labor-
intensive steps. We have seen no experimental evidence of changes to the band structure due to
the introduction of sulfur. Reduction in the Q'E at. wavelengths below 900 nm may be alleviated
v/ith additional high temperature annealing.

The mechanism leading to the enhanced response in the near-IR has not been fully explained.
While the incorporation of sulfur appears to be essential for achieving the highest possible QE,
results from experimental studies are not consistent with previous studies that indicate the
potential introduction of new energy states. Further studies are required to answer some of the
remaining questions about the mechanism.
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Figure Captions
Figure 1. Picture of two microstructed API) arrays prior to packaging. Structuring was
performed with an 800 nm fs laser operating at a fluence of 3.5 kJ/in2 in an atmosphere of SF6.
The array on the right had four different structured regions, with pulse number ranging from 0 to
300. The shiny area is the bare silicon.

Figure 2. Quantum efficiency vs. wavelength for a single element APD that was partially
microstructured. The structured region shows an enhanced signal in the near-IR but reduced
responsivity below 950 nm. Data was recorded with a 200 V bias applied to the APD.

Figure 3. QE vs. wavelength for a unstructured APD and two APDs annealed at high
temperatures. The thermal annealing further enhances the near-IR response, while annealing
about 900 °C results in improved response in the visible.

Figure 4. APD gain as a function of applied bias for structured APD pixels. The gain
dependence on bias was nearly identical to unstructured APDs for both 632 and 1060 nm.

Figure 5. Response of a microstructured and unstructured APD to a sub-ns pulse of radiation at
(a) 532 nm and (b) 1064 nm. The response of the structured APD was nearly identical to the
unstructured detector at all tested bias setting. No amplification electronics were used in this
measurement.

Figure 6. APD signal strength due to 1060 nm illumination as a function of temperature. The
unity gain signal (200 V bias) was recorded as the detector warmed from ~ 100 K. Both the
microstructured and unstructured detectors had a similar dependence.
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Figure 1. Picture of two microstructed APD arrays prior to packaging. Structuring was
performed with an 800 nm fs laser operating at a fluence of 3.5 kJ/m2 in an atmosphere of SI-',..
The array on the right had four different structured regions, with pulse number ranging from 0 to
300. The shiny area is the bare silicon.

Figure 2. Quantum efficiency vs. wavelength for a single element APD that was partially
microstructured. The structured region show's an enhanced signal in the near-IR but reduced
responsivity below 950 nm. Data was recorded wdth a 200 V bias applied to the APD.
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Figure 3. QE vs. wavelength for a unstructured APD and two APDs annealed at high
temperatures. The thermal annealing further enhances the near-IR response, while annealing
about 900 °C results in improved response in the visible.
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Figure 4. .APD gain as a function of applied bias for structured APD pixels. The gain
dependence on bias was nearly identical to unstructured APDs for both 632 and 1060 nm.
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Figure 5. Response of a microstructured and unstructured APD to a sub-ns pulse of radiation at
(a) 532 nm and (b) 1064 run. The response of the structured APD was nearly identical to the
unstructured detector at all tested bias setting. No amplification electronics were used in this
measurement.

Figure 6. APD signal strength due to 1060 nm illumination as a function of temperature. The
unity gain signal (200 V bias) was recorded as the detector wanned from ~ 100 K. Both the
microstructured and unstructured detectors had a similar dependence.
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Tables

* A p~-dopant was applied to the surface before annealing.

Table 1. Effect of processing conditions on the QE at 1064 am
APD
Sample

Laser
pulses

Laser
fluence
(kJ/m2)

Gas QE before
annealing
(%at 1064
nm)

Annealing temp
(°C)/time (hrs.)

QE after
annealing
(% at 1064
nm)

Signal Ratio
after/before
annealing

1 0 0 SFe. 25 900/4 25 1
2 200 5 sf6 15 400/2 34 2.3
3 200 5 sf6 18 400/5 36 2.0
4 10 3.5 sf6 28 400/2 41 1.5
5 100 3.5 sf6 19 400/2 38 2.0
6 200 3.5 sf6 21 400/2 38 1.8
7 400 3.5 sf6 25 400/2 41 1.6
8 400 3.5 h2s 27 400/3 42 1.6
9 200 3.5 Air 29 400/2 34 1.2
10 200 3.5 N2 37 400/2 40 1.2
11 100 3.5 sf6 NA 850/1* 48 NA
12 100 3.5 sf6 NA 900/1* 58 NA
13 100 3.5 sf6 NA 950/1* 54 NA
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Intrinsic guttering in oxygen-free silicon
N. Nauka, J. Lagowski, H. C. Gatos, and C.-J. Li
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(Received 5 November 1984; accepted for publication 15 January 1985)

We found that a three-step high-ternperature annealing leads to intrinsic gettering in oxygen-lean
Czochralski silicon grown in a magnetic field as well as in oxygen-free float zone silicon. Such
thermal treatment has been used thus far for achieving intrinsic gettering only in oxygen-rich
Czochralski silicon. We present experimental characteristics of this new intrinsic gettering j
process, and we propose a phenomenological explanation involving outdiffusion and
precipitation of silicon interstitials rather than oxygen which is involved in the standard intrinsic
gettering.

Thermal annealing leading to intrinsic gettering is com­
monly used in silicon very large scale integration technology
in order to remove defects from the device-active region of
the wafer.1 Such gettering can be effectively realized by
three-step annealing of Czochralski (CZ) grown Si contain­
ing interstitial oxygen at a concentration of about IO18
cm"’3,2 It is generally believed that the first high-tempera­
ture 1100-1200 °C) step (referred to as “denuding”) leads
to outdiffusion of oxygen, and it creates a denuded zone be­
neath the surface. Two subsequent lower temperature steps
at 700-800 °C and 1000 °C cause nucleation and growth of
oxygen precipitates. The final effect, i.e., removal of metallic
contaminants from the denuded zone, is attributed to the
gettering of oxygen precipitates. Thus, according to current
modes, intrinsic gettering is intimately related to the pres­
ence of oxygen and the efficiency of the process to the con­
centration of oxygen.3 The oxygen concentration must be
high enough to cause supersaturation of the silicon lattice at
elevated temperatures, and thus induce effective precipita­
tion of oxygen. This condition is satisfied in standard CZ Si
containing interstitial oxygen at a concentration ranging
from 0,8 to 1.5 X1018 cm”3. In Si crystals grown by the float
zone (FZ) method the oxygen concentration is about three
orders of magnitude lower (10!S cm-3) than in CZ Si. This
concentration is well below the oxygen solubility limit in Si
even at the lowest temperature (700 °C) used in three-step
annealing.4 It is thus apparent that oxygen precipitation and
related intrinsic gettering cannot take place in FZ Si.

Surprisingly, we found that three-step annealing of FZ
Si wafers does lead to very effective intrinsic gettering. In
this work we present experimental characteristics of the new
intrinsic gettering process, and we discuss a possible mecha­
nism involving outdiffusion and precipitation of Si intersti­
tials. In a comparative study of the effects of thermal anneal­
ing we have used three types of commercially grown
dislocation-free Si crystals: (1) standard CZ Si containing
interstitial oxygen at concentration [OJ of about 1X10'”
cm~3 and substitutional carbon at concentration [C] of
about lx IO’6 cm”3 (determined by infrared spectroscopy
employing the standards of Ref. 5), (2) CZ Si grown in a
magnetic field (MCZ Si) with [OJ~(l-1.5)X IO!7 cm"3 and
[CJS5X1013 cm-3, and (3) swirl-free FZ Si with
[OJSlxlO13 cm-3, i.e., virtually “oxygen free” and
[C] S 5 X10iS cm "3. We have studied both n-type andp-type
crystals doped with P or B, respectively, at concentrations
ranging from 8x 10s* to 2X IO13 cm”3; no meaningful dif-
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ferences were observed between the behavior of a-type and p-
type crystals, and no further reference to the conductivity
type will be made,

The samples were subjected to three-step annealing in
the following order: 1170’C for 6 h, 700 °C for 20 h, and
1000 °C for 6 h. Four typical annealing ambients were used:
chemically inert (N2 and Ar) and oxidizing (O2 and O2 -4- 2%
HC1) which inject Si interstitials and Si vacancies, respective­
ly, Annealed samples were beveled at 4° angle and etched
with the commonly used Secco or Wright etchants in order
to reveal the distribution of defects. Typical results obtained
using the chemically inert N2 ambient are presented in Figs.
1 and 2. Photomicrographs of beveled surfaces are shown in
Figs. 1 (a), 1 (bi, and 1 (c) for CZ Si, MCZ Si, and FZ Si, respec­
tively. Very similar features are observed, i.e., a defect-free
denuded zone beneath the surface and a large density of de ­
fects in the bulk is seen for all samples despite the pro­
nounced differences in oxygen concentration.

In order to determine the excess carrier lifetime
changes associated with gettering of metallic impurities we
have carried out electron beam induced current (EBICj mea­
surements on the annealed, samples. Schottky barriers were
formed on the beveled surfaces by evaporation of Ti for p-
type samples. Evaporated Pd briefly annealed at a low tem­
perature to form a stabilizing layer of Pd2Si was used for fl­
type Si. In EBIC measurements the beveled area was
scanned by an electron beam normal to the Schottky barrier
(i.e., passing through the metal).

Beam-induced current between the metal and a back
contact was recorded as a function of the beam position.
EBIC images and EBIC scans are shown in Figs. 2(a), 2(b),
and 2(c) for CZ Si, MCZ Si, and FZ Si, respectively. Dark
regions at the EBIC image and low current values in the
EBIC scan correspond to the short lifetime of minority carri­
ers, i.e., the high concentration of recombination centers;
white regions and large current correspond to long lifetime,
i.e., to a low concentration of recombination centers. It is
evident from Fig. 2 that effective gettering of recombination
centers was achieved for all three samples. Thus, the regions
beneath the surface are white in EBIC images, and they ex­
hibit large values of electron beam induced current. At the
termination of denuded zones the current rapidly decreases
(by as much as two orders of magnitude) and the correspond­
ing bulk regions become black in the EBIC images.

It is important to note that the formation of a denuded
zone is not equivalent to the removal of metallic impurities
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FIG. 1. Denude! zones and corresponding distribution of defects in Si crys­
tals subjected to three-step annealing in chemically inert N2 ambient.

from the surface region and thus the defect distribution of
Fig. 1 is not identical with the EBIC current profiles of Fig.
2. We have found that denuded zones are formed in all Si
samples during the first annealing step (1170 °C). This an­
nealing produced only minor changes in the lifetime. Signifi­
cant lifetime enhancement was observed, however, after sub­
sequent lower temperature annealing steps at 700 and
1000 °C. This behavior is summarized in Table I, which gives
values of the lifetime, rGs determined from transient re­
sponses of MOS capacitors formed on the surface and along
the level after different stages of thermal annealing.

The present results show that intrinsic gettering in oxy­
gen-free silicon involves stages which are similar to those of
gettering in Si with large oxygen concentration; namely, a
high-temperature denuding stage and a subsequent, lower
temperature, precipitation of defects. However in FZ Si the
native defects (i.e., Si interstitials or Si vacancies) must be
involved rather than oxygen impurities.

According to current models, the denuded zone in oxy­
gen-rich CZ Si is formed as a result of oxygen outdiffusion
toward the surface. The effects of oxidizing and inert am­
bients on the efficiency of intrinsic gettering, summarized in
Table II, are consistent with this point of view. Thus, for CZ,

EBIC Image

"*"60J~40 " 20
Depth

0
Swta

MCZ-Si

FZ-Si

60 40 20 0
Depth Surtoce

EBIC Scan

60 40 20 0
Depth {fiin) Surface

80 60 40 20 o
Depthi/im) Swta

s % \a,

> ' *

60 40 20 0
Depth Surras

FIG. 2. Minority-carrier lifetime distribution in St crystals subjected to
three-step annealing in N2 ambient. White region and high current observed
within denuded zones beneath surfaces correspond to long lifetimes.

Si no significant differences were seen between O- and
O2 -j- HQ ambients; very efficient gettering took place in
both cases. The beneficial effects of oxidizing ambients as
compared with those of inert ambients could be associated
with an enhancement of oxygen outdiffusion by injected de­
fects, as suggested in Ref. 6.

In FZ Si the effect of O2 is significantly different than
that of O2 + HQ. As seen in Table II, excellent getttering is
realized in the O2 + HC1 ambient which leads to injection of
vancancies. On the other hand, the process is hindered by
injection of Si interstitials during annealing in O2.M> Ac­
cordingly, we speculate that the Si interstitials are the outdif-
fusmg defects in oxygen-free Si. This outdiffusion process is
rendered ineffective by injection of interstitials, and it is en­
hanced by injection of vacancies; thus very bad denuding is
obtained in an O2 ambient and excellent denuding in an

* In the bulk,
b Within she denuded zone.

TABLE 1, Effects of annealing on the generation lifetime ,

Sample
Oxygen concentration

As grown
Lifetime r0-(ps)

6h at nao'c plus 20h at 700 ‘C plus 6h at 1000‘C

F F- F F F F

CZ i.oxio’8 40 70 100 30 980 15 1100
MCZ 1.5X1017 70 70 210 40 750 35 920
FZ 1,0X10” 110 SOO 480 20 3000 15 1050
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* Subsequent annealing steps were carried out in Ar ambient.
b Quality judged by the width and the concentration of defects revealed by Secco etchant.
'.Lis the efficiency of the process assessed by the ratio of lifetime, rG, in the denuded zone and in the bulk.

TABLE II. Effects of ambient on the denuded zone formation and the efficiency of instrinsic gettering.

Ambient used during high-temperature (I! 70 *C annealing*)

O2
Oxidizing Inert

ArOz + HCL

CZSs Denuded zone11 very good very good good good
(O-rich) Intrinsic

gettering very good very good good good
** -100 -100 -85 -85

FZSi Denuded zone’ very bad excellent good good
(O-free) Intrinsic

gettering very bad excellent good good
Sc —1.5 -100 -75 -70

O3 + HC1 ambient. Rough estimates show that the widths of
the denuded zones are comparable to the diffusion length
expected for Si interstitials. (Diffusivity of Si interstitials at
1200 °C is about 2.5 X 10~5 cm7s.16)

The subsequent phases of intrinsic gettering in oxygen-
free silicon, i.e., nucleation and precipitation in the bulk, can
be explained in terms of precipitation of interstitials into dis­
location loops. These extended defects can generate local­
ized stress, which in turn can attract and immobilize metallic
impurities." The above hypothesis is consistent with the
high density of Si interstitials expected to be present in swirl-
free FZ Si crystals. These crystals are intentionally grown at
rates high enough to prevent condensation of interstitials
into swirl defects.12

In summary, we have shown for the first time that the
formation of a denuded zone and intrinsic gettering can be
effectively realized in Si crystals with both intermediate and
with very low concentration of oxygen. Excellent gettering
was obtained using O2 + HC1 as the ambient during anneal­
ing, A tentative explanation of these findings involved out-
diffusion and precipitation of Si interstitials.

Quantitative modeling of the process and transmission 

electron microscopy study of the nature of gettering precipi­
tates are in progress.

The authors are grateful to the Semiconductor Re­
search Corporation for financial support.
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Honparabolio subband structure of Ga0.47 ln0.S3 As-lnP quantum wells
Syoji Yamada, Akihito Taguchi, and Akira Sugimura
Musashino Electrical Communication Laboratories, Nippon Telephone and Telegraph Public Corporation,
3-9-11, Midoricho, Musashino-shi. Tokyo 180, Japan

(Received 29 October 1984; accepted for publication 27 December 1984)

Nonparabolic subband structure of GalnAs-InP quantum wells is studied theoretically. The
dispersion relations for electron, light hole, and split-off hole subbands are obtained using the
envelope function approximation taking into account band nonparabolicity. Reported
experimental electron effective mass values and photoluminescence energies for wide quantum
wells are reasonably explained by the present theory. The experimental photoluminescence
energies, for the well width less than 50 A, differ significantly from the calculated results.

Superlattices or heterojunctions have been recently at­
tracting considerable attention because of their unique possi­
bilities applicable for novel optical and electrical devices.
The GaAs-GaAlAs1 system has been very widely studied so
far both theoretically and experimentally. An alternative
system composed of GalnAs-InP has also been found to
have good properties suitable for very fast devices, using fab­

rication technologies such as low-pressure metalorganic
chemical vapor deposition2'3 or chloride transport vapor
phase epitaxy.4 Quantitative understanding about the band
structure of this material, however, is not sufficient. The
theoretical analysis of superlattice band structure has been
advanced by many authors.5"7 Bastard7 has successfully cal­
culated the subband structures of GaAs-GaAIAs and InAs-
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New intrinsic gettering process in silicon based on Interactions of
silicon interstitials

K. Nauka,a) J. Lagowski, H. C. Gatos, and O. Uedah)
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

(Received 13 January 1986; accepted for publication 14 March 1986)

A new intrinsic gettering process was found in silicon crystals subjected to a three-step annealing
sequence. The process involves native point defects (silicon interstitials) rather than residual
oxygen impurity, and thus it can be realized in crystals with low or virtually zero oxygen
concentration. The key characteristics of the process (i.e., denuding and gettering efficiency and
the role of annealing ambient) are discussed in conjunction with a kinetic model involving
diffusion of silicon interstitials. 'Hie identity of the intrinsic gettering centers was pursued by
transmission electron microscopy.

L INTRODUCTION
There has been considerable interest in recent years in

defect gettering processes. ’VLSI technology requires silicon
material of a quality not commonly attainable by the present
crystal growth techniques. In addition, defects introduced
during device processing must be confined to regions away
from the device active area. Intrinsic gettering has been de­
veloped2 for effective defect control compatible with VLSI
processing sequences. It is commonly achieved by a three-
step annealing3 (high-, low-, and medium-temperature se­
quence) employing silicon crystals grown by the Czoch-
ralski method (CZ-Si), which contain a high concentration
of interstitial oxygen (about 10!* cm’"3). During the high-
temperature annealing step, interstitial oxygen out-diffuses
from the surface region. The subsequent annealing steps lead
to the formation of bulk defects (oxide precipitates) acting
as gettering sites just below the denuded surface region
where the devices are fabricated,

We reported recently4-5 on an intrinsic gettering process
based on silicon self-interstitials rather than oxygen. This
process was discovered in silicon crystals with low oxygen
content (Czochraiski silicon grown in a magnetic field,
MCZ-Si), and also in virtually oxygen-free silicon grown by
the float-zone technique (FZ-Si).

In this paper we present extensive experimental data on
the new intrinsic gettering, and we discuss the relevant, mac­
roscopic and microscopic processes. The present results lay
the basis for a phenomenological model describing the over­
all intrinsic gettering in silicon crystals grown by various
techniques. The structure and composition of the intrinsic
gettering centers are discussed in the accompanying paper.5

IL EXPERIMENT
Three types of commercially grown, dislocation-free, Si

crystals were employed: (1) 3- or 4-in.-diam commercially
grown, dislocation-free, Si crystals containing about 1.0-
1.5x 1018 cm'3 of the interstitial oxygen [OJ; (2) 2-in.-
diam MCZ-Si (grown in magnetic field) with [O, ] of about

“’Present address: Hewlett-Packard Laboratories, 1501 Page Mffl Rd.,
Palo Aho, California.

b! On leave from Fujitsu Laboratories, Ltd., Atsugj, Japan.

1X10 ’7 cm "3; and (3) virtually oxygen-free 2-in.-diam FZ-
Si. The carbon concentration in these crystals ranged from
5X1015 to 1X1016 cm"3. Experiments were carried out
with both n (P-doped) and p (B-doped) crystals with a do­
pant concentration ranging from 10i4 to IO35 cm'3. No
meaningful differences were observed between the dopants;
no further reference to the conductivity type will be made.
For some experiments, FZ-Si doped with nitrogen at a con­
centration of about 1 O’5 cm"3 was employed. All three types
of crystals employed in this study were obtained from at least
two suppliers. The concentration of metallic contaminants
was estimated from deep level transient spectroscopy
(DLTS) measurements.6 It was found that most of the crys­
tals contained residual impurities, however, at low concen­
tration, not exceeding 10s 1 cm"3.

The ssmiples were subjected to a three-step annealing,
i.e., to 1170 °C for 6 h, then to 700 °C for 20 h, and finally to
1000 °C for 6 h. In standard intrinsic gettering these anneal­
ing steps correspond to out-diffusion, nucleation, and
growth of the bulk gettering centers, respectively.7 Various
ambients were employed during the first, high-temperature
annealing step: dry O2, O2 + MCI, N2, Ar, and also dry O2
followed by N2 or N- followed by O2 (O2/N„ N2/O2). In
some experiments a protective film of SiO2 (PYROX
LPCVD SiO2) was deposited on the samples. The second
and third annealing steps were always carried out in an N2
ambient.

The defect distribution was revealed by preferential
etching.8 Annealed samples were beveled at a 4° angle and
etched with the commonly used Secco or Wright etchants.
The defect density was obtained by counting etch pits on
beveled and etched surfaces. Lifetime measurements were
carried out empolying the Zerbst technique9 or by measur­
ing p-n junction recovery,10 or photoconductivity decayt”
AH three techniques yielded similar values of the carrier life­
time. Devices (MOS orp-n junctions) used for lifetime mea­
surements were fabricated on the beveled surface or directly
on the surface of the wafer before and after removal of the
defect-free denuded zone. Thus, denuded zone and bulk life­
times were determined. The electron-beam-induced current
(EBIC) mode of scanning electron microscopy was em­
ployed for imaging the spacial variations of lifetime. EBIC
measurements were carried on A.I Schottky barriers formed
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Denuded

X

FIG. I. Sample configuration employed for EBIC measurements.

Back
Contact

Electron
Beam

Precipitates
in the Bulk

Surface
i Al

on the beveled surface on the samples (Fig. I) previously
subjected to three-step annealing. The current signal collect­
ed between Al and the back contact to the sample was re­
corded versus electron beam position on the beveled surface.

08. RESULTS
Figure 2 shows beveled and preferentially etched sur­

faces of CZ-Si, MCZ-Si, and FZ-Si which were previously
subjected to three-step annealing carried out entirely in an
N2 ambient. All three samples exhibit very similar features
(despite pronounced differences in oxygen concentration): a
defect-free layer (i.e., denuded zone) adjacent to the surface
and defects in the bulk. EBIC studies demonstrated that the
three-step annealing also resulted in a significant enhance-

EBIC Image
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DepfhQun) Surta

MCZ-Si
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FIG. 2. Preferentially etched cross section of CZ-Si, MCZ-Si, and FZ-Si
after three-step annealing.
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FIG. 3. EBIC signal measured in CZ-Si, MCZ-Si, and FZ-Si after three-step
annealing. White regions and high EBIC signa] in denuded zone correspond
to long lifetime. Dark regions and iow EBIC signal represent low lifetime
values-

ment of the minority-carrier lifetime within the defect-free
denuded zone region. Figure 3 shows EBIC results on the
samples of Fig. 2. The dark regions in the EBIC images rep­
resent small lifetime values, while the white regions (regions
of the large EBIC signal) represent large values. The lifetime
values measured in these regions are given in Table I. It is
evident from the above results that intrinsic gettering was
achieved in all three types of Si crystals.

Subsequent studies of lifetime and etch pit profiles car­
ried out after each annealing step revealed that for all three
types of crystals the formation of a defect-free zone was not
equivalent to the removal of the recombination centers from
the surface region. The defect-free zone (adjacent to the sur­
face) was formed during the first high-temperature anneal­
ing step; after this step, only minor changes in the lifetime
were observed. The subsequent. lower-temperature steps
caused an increase in the bulk etch pit concentration and
significantly enhanced the minority carrier lifetime within
the denuded zone. The results are summarized in Tables II
and III.

Comparison of data in Fig. 2 and Tables I and II shows
that although the lifetime increase in the defect-free region is
similar for all three types of samples, the defect patterns are
different. Thus, the thickness of the defect-free region in CZ-
Si is 2.5-3 times smaller than the one found in MCZ-Si and
FZ-Si. Also, the bulk defect density in CZ-Si is about, four
orders of magnitude higher than in the crystals with low
(MCZ-Si) or virtually zero (FZ-Si) oxygen content.

These differences became most pronounced when the
high-temperature annealing was carried out in oxidizing am­
bients. Figure 4 presents a preferentially etched cross section
of CZ-Si annealed: (A) in dry O3, and (B) in O2 -f- HC1.
Pronounced denuded zones and similar defect patterns were
obtained in both ambients. Figure 5 presents a preferentially
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TABLE I. Minority carrier lifetime values in as-grown and annealed Si wafers.

Measuring
technique

Lifetime (/rs)

As-grown Annealed

CZ MCZ FZ

Surface Bulk

CZ MCZ FZ CZ MCZ FZ

junction
recovery 35 58 90 1230 870 985 5 20 SO

MOS capacitor
transient 20 70 UO 1180 920 SOSO 5 3S 14

Photoconduc­
tivity decay 25 30 115 1250 850 1010 8 JO 5

etched cross section of the FZ-Si annealed (A) in dry O2 and
(B) in O2 + HC1. The behavior of MCZ-Si was very similar
to that of FZ-Si. It is apparent that MCZ-Si and FZ-Si be­
have differently in oxidizing ambients than CZ-Si. Lifetime
measurements showed that in FZ-Si the lifetime increase in
the defect region took place in the case of O2 + HC1, while
no significant lifetime increase was observed in the dry O2
ambient. It can be thus concluded that dry O2 ambient sup­
pressed the intrinsic gettering process in oxygen-free silicon
crystals. On the other hand, annealing in O2 + HC1 ambient
produced a well-defined denuded zone characterized by
high values of lifetime in both oxygen-free FZ-Si and in oxy­
gen-rich CZ-Si.

The effects of ambients on the denuded zone width and
on the density of surface etch pits are summarized in Figs. 6
and 7, respectively. Surface defects were observed by prefer­
ential etching of the surface after stripping any layer of ni­
tride or oxide grown during annealing. It is seen that the best
results, i.e., the widest denuded zone and the lowest density
of surface defects is obtained in an O2 + HCl ambient. The
largest differences between CZ-Si and FZ-Si in denuded
zone widths were found after annealing in O2, while the lar­
gest difference in surface defect density was observed in an
N2 ambient. The results of Figs. 6 and 7 indicate an interest­
ing inverse relationship between denuded zone formation
and surface defect concentration. The ambient which leads
to the formation of a wide denuded zone simultaneously
yields a high-quality surface with a low defect concentration.

During the course of the present studies it was found
that the FZ-Si doped with nitrogen exhibited different prop­
erties than ordinary FZ-Si. Figure 8 presents preferentially-
etched cross sections of the FZ-Si (TV) which was subjected
to the three-step annealing. Various ambients were em­

TABLEII. Bulk defects concentration in Si following each step.

Crystal
In as-gro^n

state

Bulk etch pit concentration (cm ’’)

After 1st step

after annealing

After 2nd step After 3rd step

GS’Si 0 IX104 (3 - 5)X 10'° (3-5) X10”
MCZ-Si 0 5 x10s 5x10* IX10’
FZ-Si 0 4X106 (2-3) X10’ 3X1O7

ployed during the high-temperature annealing step. None of
the cross sections shown in Fig. 8 reveals the characteristic
pattern consisting of a denuded zone and bulk defects. Fur­
thermore, the lifetime measurements did not reveal any life­
time enhancement in the vicinity of the surface. It was thus
concluded that the presence of the nitrogen dopant sup­
pressed the ability to achieve intrinsic gettering in float-zone
silicon.

IV. DISCUSSION: KINETIC MODEL OF INTRINSIC
GETTERING

An overall intrinsic gettering process involves two dis­
tinct stages: (1) the formation of defect complexes in the
bulk together with the formation of a denuded zone (defect
free) in the vicinity of the surface; and (2) the gettering of
metal impurities (acting as recombination centers) by the
defect complexes in the bulk. The driving force for stage (1)
is the supersaturation of the crystal with point defects con­
trolling intrinsic gettering {i.e., the difference, AC, between
the actual concentration of the defects C(x,t) and the equi­
librium concentration Co at a given temperature]. In gen­
eral, a certain critical defect supersaturation ACW may be
required to initiate the precipitation. In the present treat­
ment, we consider the simplest case of ssO. At tempera­
ture high enough to ensure fast defect diffusion, the condi­
tion AC> 0 (lattice supersaturated with defects) can lead to
precipitation of defects or to growth of precipitates already
present. On the other hand, if AC < 0 (lattice undersaturated
with defects) new precipitates will not be formed, and the
existing ones will dissolve.

TABLE III. Minority-carrier lifetime in Si following each annealing step.

Crystal
In as-grown

state

Generation lifetime's)
after annealing

After ?5t step After 2nd step After 3rd step

Bulk Surface Bulk Surface Bulk Surface

CZ-Si 25 70 too 20 980 10 1100
MCZ-Si 75 70 210 25 850 35 920
FZ-Si 110 100 280 15 3000 15 1050
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FIG. 4. Preferentially etched cross section of CZ-Si after three-step anneal­
ing with the high-temperature step carried out in dry O2( and in O2 + HO,
respectively.
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FIG. 6. Denuded zone width, surface defect density, and ambient in the case
of CZ-Si.

For a denuded zone to form, AC must be negative in the
region beneath the surface. On the other hand, AC should be
positive in the bulk in order to achieve bulk complexes. A
defect concentration profile satisfying these requirements is
shown in Fig. 9. The corresponding defect transport pro­
cesses are illustrated schematically in Fig. 10. These pro­
cesses involve (1) extraction (or injection) of defects at the
silicon surface (or interface): this process is controlled by
the annealing ambient; (2) out-diffusion (or in-diffusion) of
defects from (toward) the bulk; (3) dissolution of precipi­
tates in the vicinity of the surface; (4) formation of precipi­
tates in the bulk.

On the basis of the following experimental results it ap­
pears that silicon interstitials are the primary point defects
involved in the intrinsic gettering process in oxygen-free sili­
con.

(a) Dry O2 ambient present during high-temperature
annealing inhibits the formation of a denuded zone in FZ-Si
(and also in MCZ-Si). Dry oxidation is believed to cause
injection of Si interstitials12 thus preventing surface region
depletion required for the denuded zone.

(b) O-> + HC1 ambient results in excellent surface re­
gion denuding in FZ-Si; this ambient is believed to cause
extraction of Si interstitials (or injection of Si vacancies)13
which is required for denuding.

(c) As seen in the accompanying paper,  the gettering5
centers in oxygen-free Si were found to involve silicon inter­
stitials (interstitial type of dislocation loops and silicide pre­
cipitates). Our kinetic model is thus based on silicon intersti­
tials and, unless otherwise stated, C{x,t) will denote the
concentration of silicon interstitials in the treatment that
follows.

As pointed out above, the intrinsic gettering proass is
finalized when “lifetime killing” metallic impurities are re­
moved from the denuded zone and fonsi complexes with the
immobile bulk gettering centers. Employing electron mi­
croscopy and dispersive x-ray spectroscopy studies, dis­
cussed in the accompanying paper,5 “butterfly”-shaped in­
trinsic gettering centers were identified in FZ-Si consisting
of interstitial-type dislocation loops (0.1-0.7 /rm in diame-

FZ-Si (dry 02)

SurfooTiO go~~*
Depth (microns)

FIG. 5. Preferentially etched cross section of FZ-Si subjected to three-step
annealing with the first, high- temperature step carried out in O2 -I- HCl and
in dry O2, respectively.
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FIG, 7. Denuded tone width, surface defect density, and ambient in the case
of FZ-Si.
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FIG. 8. Preferentially etched cross section of nitrogen-doped FZ-Ss after
three-step annealing. Ths high-temperature step was carried out in various
ambients.

ter) with a high density of microprecipitates containing me­
tallic constituents (primarily Cu and occasionally Ni) inside
and/or on the dislocation cores. For the present discussion it
is of key importance to point out that the gettering centers
can be formed only in the regions where AC> 0, i.e., where
the lattice is supersaturated with silicon interstitials. Ac­
cordingly, the distribution of gettering centers will be deter­
mined by the processes outlined in conjunction with Fig, 10.
The defects concentration profile of annealed samples can be
found by solving the kinetic equation containing diffusion
D(d * 2C/dx2) and precipitation (3C/cB)p terms:

FIG. SO. Schematic representation, of kinetic processes occurring its surface
region when Si wafer is subjected to high-temperature annealing.

14 describes the capture of diffusing species by precipitates
present at constant density. The excess defect concentration
C — C\ — Co decays exponentially with a time constant r.
According to this model

(j~\p _ (Ci - C0)r~J exp( - £), (2)

where Cj is constant and equal to the concentration of de­
fects in the wafer prior to annealing. The other precipitation
model, discussed in Ref. 15, assumes defect diffusion inside a
sphere with its center located at the precipitate. This model
yields

2 C'/W1’2 ' 1 }

where Cp is the defect concentration inside the precipitate
with the shape of a sphere having a radius r.

We assume that, prior to annealing, interstitials are dis­
tributed uniformly in the wafer and that their concentration
is Cj (after Refs. 16 and 17, we assume C, = 10w cm”3 * 5).
The equilibrium concentration of interstitials at 1170’0,
Co ~ 10* i4 cm"3 is adopted after Ref. 16. The diffusivity of
silicon interstitials D -= 2x 10~ s ora2/; at 1170 °C is taken
from Ref. 17, where it was obtained under conditions similar
to the present experiments. Injection or extraction of defects
at the surface is treated as a process which maintains con­
stant defect concentration at the interface C(O,t) = Cs. In
an O2 + HCl ambient extraction of interstitials takes place
via injection of silicon vacancies; we thus approximate this
process assuming CS<CO. On the other hand, annealing in
dry O2 causes injection of silicon interstitials. We assume
after Refs. 18 and i 9 that the corresponding Cs value is about
5 X10M cm”3, i.e., it is larger than Co.

As discussed in the Appendix, a distribution of defects
in the initial stages of the annealing cycle is determined pri­
marily by a diffusion process, with precipitation playing a
secondary role. Thus, the solution of Eqs. (1) and (2) or
Eqs. (1) and (3) can be approximated by a simple diffusion
term:

C(x,l) = A erf(x42DT') + B erfcU/ZOT”), (4)
where A and B are constants determined bv values of Cs and
Cv

As pointed out above, the concentration profile C(x,r)
as given by Eq. (4) does not include complexing of defects

Na-jkaafa/ 619

(n
dt \ dx~ J \ A /

where D is the diffusivity of silicon interstitials. In treating
the precipitation term (dC/dt)p we consider two models
presented in Refs. 14 and 15, respectively. The model of Ref.

Distance from the interface (x)

Interface
x=0

Denuded
zone - A

k
R
t

^cs

FIG. 9. Defect concentration profile in intrinsic gettering.
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FIG. 11. Theoretical profile of Si interstitial concentration vs depth in FZ-Si
annealed in various auditing ambients.

into precipitates. However, precipitation will not take place
in the surface region depleted with defects, but it will occur
in the bulk where C(x,t) exceeds Co. Accordingly, we can
estimate the denuded zone width as the value of x cone*
spending to AC — 0 (see Fig. 9).

The profiles of the interstitials shown in Fig. 11 were
calculated for annealing in O2 + HC1 and in dry O2, taking

and C, — 5X1014 cm'" 3, respectively. It is seen that
conditions corresponding to an O2 + HC1 ambient yield
C < Co in a region extending about 90 pm beneath the sur­
face. For dry O2 the concentration of interstitials exceeds Co
in the entire volume of the sample. Accordingly, precipitates
will be formed in the entire sample, and a denuded zone will
not be formed. It can be seen that there is a good agreement
between the calculated defect profiles of Fig. 11 and the
depth profiles of the etch pit density (EPD) of FZ-Si an­
nealed in dry O2 and in O2 + HC1 ambients shown in Fig. 12.
(Figure 11 must also be compared with Fig. 5.) For the
O2 + HC1 ambient the EDP is essentially zero within about
lOOjurn from the surface. On the other hand, high EPD is
generated throughout the sample upon annealing of FZ-Si in
dry O2.

The present kinetic model was also applied to standard
CZ-Si with high oxygen interstitial content. Equations (1 )-
(4) were used to calculate the concentration profile of inter­
stitial oxygen employing the following parameters20: diffusi­

io2

£
~ IO3

O 40 SO 120 160 200
Depth (p.m't

FIG 1 2. Experimental data showing etch pit density vs depth profile in FZ-
Si annealed in various oxidizing ambients.

io1

! 1 1 !
® O2

_ ® °2 + HCl

’ 1 1 I ’

$
$ —

-t—J___ i___ L_j_

vity of oxygen at 1170 °C, D ■-=- 8 X10 "9 cnr/s; initial oxy­
gen concentration, Cs — 1.5x. 1O’S cm""3; equilibrium
oxygen concentration at 1170°C,Co = 7xlOncm~3; it was
assumed that an effective extraction of oxygen takes place at
the interface, i.e., C,<Ca. The calculated defect profile is
shown in Fig. 13; the denuded zone width of about 30 /tm
agrees well with the typical width of the defect-free zone in
CZ-Si (see Fig. 3).

'Hie above results demonstrate the feasibility of predict­
ing the denuded zone width in a rather straightforward man­
ner, on the basis of rather simple assumptions. The concen­
tration profiles obtained from these calculations depend on
the boundary conditions employed, and particularly on the
concentration of out-diffusing defects at the interface. In
turn, this condition depends on the ambient employed. The
discussed cases of dry O2 and O2 + HC1 ambients during
annealing of FZ-Si are extreme examples of such depen­
dence. It can be expected that other ambients will also affect
defect out-diffusion. They will, thus, affect the intrinsic get­
tering process, consistent with the results in Figs. 5 and 6.

The intrinsic gettering process discussed above depends
in a critical way on the initial concentration of defects Cs.
The exact relationship between the concentration of intersti­
tials and the crystal growth parameters is not sufficiently
understood. The quantitative control of Cf is thus a very
difficult task. It can be, however, expected that commerical
FZ-Si crystals grown under fast growth rate conditions (fast
growth eliminates swirl defect formation) contain a rather
large number of native point defects, and particularly silicon
interstitials.2 S~M According to the present model, intrinsic
gettering in oxygen-free Si is finalized with the capture of
metal impurities by the precipitates of silicon interstitials. As
a result, metal silicides are formed, surrounded by, and/or
attached to interstitial-type, dislocations (further details of
this process are discussed in the accompanying paper).

The inhibition of intrinsic gettering and of the formation
of a denuded zone in FZ-Si doped with nitrogen (see Fig. 8)
is not understood at present. One can speculate that such
behavior originates in a lower concentration of “as-grown”
silicon interstitials, or in different heterogeneous, nitrogen-
related precipitation mechanisms.

CZ-Si c

Co

S

**■ *1

5 10* 5i
c

<nf4i___i___ L__b___ I_____________ I___ u_J
■ 0 20 40 60 80 W

Distance from the interface(p.m)

_ 10T
I IO,8;~

FIG. 13. Theoretical profile of oxygen interstitial! concentration vs depth in
CZ-Si subjected to three-step annealing.
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V. SUMMARY

We present basic experimented characteristics of a new
intrinsic gettering process which can be realized in Si crys­
tals with virtually zero oxygen concentration. The process is
driven by diffusion and precipitation of silicon interstitials.
This new intrinsic gettering process involves Si interstitials
and is markedly different from the standard oxygen-related
gettering in CZ-Si. The new gettering mechanism depends
critically on the surface reactions during high-temperature
annealing, which can be effectively controlled by the am­
bient. The selection of the proper ambient assures effective
intrinsic gettering, formation of a wide denuded zone, and a
low density of surface defects.

A simple theoretical model describing the kinetics of the
process is proposed. It is demonstrated that this model,
based on a one-dimensional diffusion equation, accounts for
the experimental results and makes possible calculations of
the denuded zone width with satisfactory accuracy.

By means of electron microscopy and dispersive x-ray
spectroscopy, we identified the intrinsic gettering centers in
FZ-Si as “butterfly”-shaped defects consisting of interstitial­
type dislocation loops and microprecipitates containing
metal silicides. These findings axe discussed in the accompa­
nying paper.
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APPENDIX

in order to demonstrate that out-diffusion is the domi­
nant kinetic process controlling the defect distribution, one
must solve Eq. (1) with a realistically defined term (dC /
dt)p. Its the course of the study two different models describ­
ing (dC/dt)p were employed:
Model A14:

- (Cj--C0)r"s expf----- (Al)
\ dt / \r/

where Cf and Co are constants describing initial defect con­
centration [Cj = C(x,t ~ 0) j and equilibrium defect con­
centration, respectively, r is a time constant of the precipita­
tion process.
Model B15:

(A2!
\ * r ■>. I 3 >

where C2 is a constant which depends on diffusion coeffi­
cient, initial and equilibrium defect concentration, precipi­
tate radii, and their density.

Equation (I) was solved for the boundary conditions:
C(x,t ~ 0) ~ Cj = const,
C(x = 0,0 — C. = const. (A3)
The following solutions were obtained:

For the case A:

C7(x,t) + -43,

A, = (2Ct - C0)erfc(x2VDF).

~ (Co — Cj)exp( — t/r), (A4)
A3 — Ref (Cj — C0)/2]exp( •- i /r)

X [exp( ix/^Dt) ]erfc(%/2v®r — ix^Dl)

+ exp(ix75F)exfc(x/2Jbt).

For the case B:

C(x,i) ~ jBj + 2L + S3,

B3 = Cj - 3/2(2C2/3)3/2 erfc(x2V5F),
.B2==3/2(2C,/3)3/2ts/2, (A5)

= 5/2(4/)3/¥ erfc(x/2vDr).

However, for the realistic boundary conditions such as
(1) annealing time 6 h, annealing temperature 1170‘’em,
(2) precipitate size less than 1 pm, (3) Cs of the order of
10!MOi8cm”3, (4) Cs —10~2Co, (5) diffusion coefficient
D> 10~10 cm“2/s, the following relationship holds:

AitBi>B2>A3,B3. (A6)
Terms At and B. describe pure out-diffusion.
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Semiconductor laser crystallization of a-Si:H
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ABSTRACT

Results of semiconductor laser crystallization of a-Si:H on transparent conducting fluoride doped tin oxide coated
glass are discussed. A-Si:H films were prepared by plasma enhanced chemical vapor deposition. Laser crystallized
films of a-Si:H were characterized by X-ray diffraction and optical microscopy. Semiconductor laser crystallization
process as compared to well-established excimer laser offers low cost large area technology for solar cell, display
and other applications. Longer wavelength of diode lasers (805 nm) allows light to penetrate deeper in the films for
crystallization of thicker films required for enhanced light absorption.

Keywords: a-Si, a-Si:H, Laser crystallization, Diode laser, Solar cells, Semiconductor laser.

1. INTRODUCTION

Amorphous silicon is deposited on inexpensive substrates like glass or plastic for mass production of large area solar
cells and display applications. For photovoltaic applications it is often desirable to produce cells with higher film
thickness for better light trapping’. The requirement of low temperature deposition on these substrates results in
amorphous films. However, due to the amorphous nature of the deposited films the device performance deteriorates
due to earner recombination. To avoid such recombination and at the same time keeping higher film thickness for
significant light absorption necessitates a post processing. Large grain sizes are required, in case of thin film
transistors (TFT’s)z as well as for photovoltaic applications for improved performance’. Laser Crystallization is an
attractive technique to produce device quality poly-silicon for photovoltaic and display applications'*.  Excimer laser
crystallization is a well-established technology for producing poly-Si on glass. However, due to the very high
absorption of excimer laser wavelength (248-316 nm) in a-Si:H, only a very thin layer (sub micron) could be
crystallized. Although, some improvements in excimer laser technology nave been reported to achieve
crystallization of thicker films and/or large grain sizes, but they are not practical3 due to their high processing cost.

Semiconductor lasers operating at near infrared wavelength (805 nm), on the other hand provide an opportunity to
crystallize thicker films due to higher penetration of light in to the film at this wavelength. In addition to this, these
lasers are very compact for large area robotic controlled applications and relatively lower cost.

2. EXPERIMENTAL

The amorphous silicon layers were deposited on plane glass and TCO (Fluoride doped tin oxide: SnO2:F) coated
glass, using low temperature Plasma Enhanced Chemical Vapor Deposition (PECVD) technique. The hydrogenated
amorphous silicon (a-Si:H) films were deposited at a rate of 1 A7s in hydrogen diluted silane environment at about
200° C. The samples were crystallized using a highly efficient laser diode bar from Nuvonyx (model PB-40) with
maximum CW power of 50 Watts, conversion efficiency 50%,. pulse width in the range of 100 p.s - CW, pulse
repetition rate of 0-2 KHz, operating at central wavelength of 805 nm, The laser was operated in pulse mode with
repetition frequency of 1500 Hz and pulse width of 300 ps at the average pow'er of 45 W. The samples were placed
on a high precision computer controlled X-Y stage with a stepper resolution of 100 nm. The laser beam was focused
on the sample through a plano-convex lens of 15 mm focal length. The spot size on the sample surface was
approximately 1 mm x 80 pm. The photograph of experimental setup is shown in fig. 1. The sample was scanned at
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a speed of 2.5 mm/s. The linear translation between two consecutive laser shots was approximately 1.67 pm.
Crystallization was performed at room temperature and in air. The laser fluence was ~17 J/cnT. Note here that there
was a necessity to have very high input' laser fluence because of relatively lower absorption at 805 nm. A 2.54 x
2.54 cm2 area of a-Si:H film was crystallized by scanning the sample under the laser beam.

3. RESULTS

The optical microscope picture of laser-crystallized surface is shown in Fig. 2. A clear distinction between laser
treated to untreated region is apparent from the figure. X-Ray diffraction (XRD) was carried out on the laser
treated/untreated samples to study the structural modification induced by laser treatment. The Rigaku Miniflex 2005
X-ray diffractometer with Cr target was used for our experiment. Fig. 3. Shows the X-ray diffraction resuits, before
and after laser treatment of the sample. Fig. 3 (a) shows the X-ray diffraction result for a-Si:H film (2 pm thick)
deposited on glass substrate. An expected broad amorphous peak was observed. However, after laser treatment,
three peaks corresponding to (111), (311) and a (331) could be observed in Fig. 3 (b), confinning the crystallization
of a-Si:H on glass. The (1 11) orientation was observed to be predominant peak over both (311) and (331) crystal
orientations. Some samples of a-Si:H of 0.5 pm thickness were deposited on SnO2:F coated glass for laser
crystallization. After crystallization (220) peak was observed in addition to (111) and (311) peaks. However, (331)
peak was absent. The light absorption of the sample at 805 nm wavelength was estimated from spectrophotometeric
measurements and was compared with already published literature values for both SnO2:F glass6 and a-Si z. It was
found that there was not a very significant amount of absorption at this wavelength. The measurements for 500 nm
a-Si:H film on 950 nm SnO2:F coated glass substrate showed reflection value of 43.5% and, transmission as 36 %.
So absorption and scattering, amounts to only 20.5%. With average power of 45 watt laser output no crystallization
was observed when tried to crystallize 500 nm thick a-Si:H film deposited on glass. So SnO2:F layer play a critical
role in crystallization process. In order to estimate the grain size of the sample after laser treatment, Secco etching
(solution: 3 parts of H2O, 2 parts of HF 50%, 1 part 0.15 mol solution of K2Cr2O7 in H2O) was applied to the
samples. Grains of the order of 5 |im in size were observed from AFM images taken on Secco etched samples8.
Raman back scattering experiments were carried out on laser treated samples and a sharp peak at 522 cm-1 further
confirmed the crystallization.. From the Raman spectrum the crystalline fraction of the laser treated sample were
caiculated to be 87 %'.

,aser Rar

Focusing Lens

Computer Controlled X-Y
Stage

Fig. 1. Photograph showing diode laser crystallization set up
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2. The optical micrograph of diode laser crystallized a-Si:H on SnO2:F coated glass
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fig. 3. The X-Ray diffraction results for (a) a-Si:H film (2 pm thick) deposited on glass substrate (b) after laser treatment. (Ill),
311) and (331) peaks emerged because oflaser treatment.
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4. CONCLUSIONS

a-Si:H film on conducting tin oxide coated glass and uncoated glass substrate was crystallized using 805 nm
wavelength from a compact, low cost semiconductor laser. X-ray diffraction and Raman measurements confirm the
crystallization of films. Films as thick as 2 gm have been successfully crystallized. The electrical properties of the
film and effect of dopants on crystallization process are being investigated.

ACKNOWLEDGEMENTS

We gratefully acknowledge the financial support from the National Science Foundation under the grant ECS-
0100243 for this work. We thank James Brok and Brandt Robertson for their help.

REFERENCES

1. G. Andra, J. Bergmann, F. Falk, E. Ose, Thin Solid Films 318, 42-45 (1998).
2. S. D. Brotherton, J, R, Ayres, M. J. Edwards, C, A. Fisher, C. Glaister, J. P. Gowers, D, J. McCulloch,

and M. Trainor, Thin Solid Films 337, 188 (1999).
3. R. B. Bergmann, Appl. Phys. A 69, 187 (1999)
4. S. D. Brotherton, D, J, McCulloch, J. B. Clegg, and J. P. Gowers, IEEE Trans. Electron Devices 40, 407

(1993).
5. M. Matsumura, Chang-Ho Oh, Thin Solid Films 337, 123, (1999).
6. K. VonRottkay, M. Rubin, Mater. Res. Soc. Symp. Proc., 426, 449 (1996).
7. St. Kanev, Z. Nenova, K. Ivanova, S. Koynov, Solar Energy Materials and Solar Cells, 36, 277-187,
(1995).

8. B. K. Nayak, B. Eaton, J. A. Anna Selvan, J. McLeskey, R. Romero, G. Ganguly and M. C. Gupta3,
Submitted to Appl. Phys. Lett.

a; Electronic mail: mgupta@odu.edu
380 Proc, of SPiE Vol. 4977

SIONYX1403000041.0006

SAMSUNG EX. 1002 - 428/4148

mailto:mgupta@odu.edu


Appl. Phys. A 80,1077-1080 (2005)
DOI: 10.1007/s()0339-003-2352-9

Applied Physics A;......

B.K. NA YAK* * 1

Received: 4 March 2003/ Accepted: 11 August 2003
Published online: 21 November 2003 ♦ © Springer-Veriag 2003

ABSTRACT Semiconductor laser (A, = 805 am) crystallization
of hydrogenated amorphous silicon (a-Si: H) deposited on
a low-cosi fluoride-doped tin-oxide-coated glass substrate is
demonstrated. X-ray diffraction confirms that the structure of
the poivcrystalline silicon thus formed shows (111), (220), and
(311) peaks. A sharp Raman peak at 520 eta-' further confirms
the crystallization. Atomic force microscope images of a Secco­
etched laser-treated sample reveal the granular structure of the
poly-Si. Grains as big as 10 times the film thickness are read­
ily obtained and sample as thick as 5000 A is easily crystallized.
The method can be extended io films with a thickness of several
microns.

PACS 42.55.Px; 42.62.Cf; 81.05.Gc

1 Introduction

Polycrystalline silicon (poly-Si) is regarded as an
attractive material for use in thin film transistors (TFT’s)
in active-matrix liquid-crystal displays (AMLCD’s) [1] and
in high-efficiency low-cost thin-film solar cells [2J. How­
ever, the requirement of inexpensive large-area amorphous
substrates (such as glass) for the fabrication of these de­
vices restricts the deposition to temperatures below 500 °C,
at which amorphous films are formed. Amorphous Si-based
devices show light-induced instabilities. The majority and
minority earner properties of large-grained silicon films
are close to those of HionocrystaHiiie silicon [2], It is thus
logical to think of a post-processing technique to con­
vert a-Si to poly-Si, Laser crystallization is considered as
an attractive technique for producing la-ge-grained poly-Si
through the crystallization of hydrogenated amorphous sili­
con (a-Si: H) [3j. Solar cell applications require silicon films
with a thickness of several microns, in order to have sig­
nificant solar light absorption [4], Solar cell applications
also require laser techniques that are low cost and suitable
for large-area crystallization. Currently, excimer laser crys­
tallization is a well-established technology for producing
poly-Si on glass. However, due to the very high absorp­
tion of excimer laser wavelengths (248-316 Bin) in silicon,
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only very thin, (sub-micron) layers have been crystallized
using excimer laser technology. Some improvements in the
excimer laser technique have been reported, such as sub­
strate heating [5] and the multiple-shot [6], dual-beam [71,
double-pulse [8], super-lateral-growth (SLG) [9], double­
pulse and dual-beam [10], bridge [11], and sequential-lateral-
crystallization [12] methods. Although larger grains have
been grown by the latter three methods, they do not appear
to be practical, due io their high processing cost, complicated
structure, and time-consuming growth sequence [ 13].

The longer wavelength of semiconductor lasers (2. -
805 ran) offers; an excellent opportunity to crystallize the
several-micron-thick films needed for photovoltaic applica­
tions. Also, diode lasers are compact, as required by large-
area roboiic-controlled applications, and of low cost. How­
ever, at the longer wavelengths from diode lasers, absorption
in a-Si : H films is smaller than that of excimer lasers. In
this paper, successful new results of semiconductor laser
crystallization of a-Si: H deposited on fluoride-doped tin
oxide (SnO-j : F)-coated glass are presented. The films were
deposited by plasma-enhanced chemical vapor deposition
(PECVD). Since a-Si: H thin film solar cells with large film
thickness show poor performance because of the high re­
combination of photo-generated charge carriers, diode laser
crystallization technology could be a cost-effective solution
for the fabrication of efficient solar cells.

2 Experimental

Amorphous silicon layers of 500-nm thickness
were deposited on TCO (fluoride-doped tin oxide: SnO?: Fl-
coated glass, using lo w-temperature plasma-enhanced chem­
ical vapor deposition (PHCVD). The a-Si: H films were
deposited at a rate of I A/s in a hydxogen-diluted silane
environment at aboiit 200 °C. The samples were crystal­
lized. using a highly efficient laser diode bar from Niivonyx
(model PB-40) with a maximum cw power of 50 W, conver­
sion efficiency of 50%, pulse width in the vicinity of 100 ps,
pulse repetition rate of 0-2 kHz. and central wavelength of
805 nm. The laser was operated in- pulse mode with a rep­
etition frequency of 1500 Hz and a pulse width of 300 p.s
at an average power of 45 W. The sample was placed on
a high-precision computer-controlled x-y stage, wish a stepper
resolution of 100 nm. The laser beam was focused on the sam-
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Diede Laser Hat (l“805r»n.)

Focusing Lens

------ Deposited an
SnO2:F/Glass

’ Computer Controlled
High Precision X-Y Stage

FIGURE 1 Schematic showing diode laser crystallization set up

pie through a plano-convex lens of 15-mni focal length. The
spot size on the sample surface was approximately 1 mm x
80 pm. A schematic of the experimental setup is given in
Fig. 1. The sample was scanned at a speed of 2.5 inm/s. The
linear translation between two consecutive laser shots was ap­
proximately 1.67 pm. Crystallization was performed at room
temperature and in air. The laser fluence was ~ 17.T/cm/-.
A very high input laser fluence was necessary because of the
relatively low absorption at 805 ran. Usually, large areas of the
sample were crystallized by scanning the sample beneath the
laser beam.

X-ray diffraction (XRD) was earned out on the laser-
treated/untreated samples to study the structural modifica­
tions induced by the laser treatment, A Rigaku Miniflex 2005
X-ray diffractometer with, a Cr target was used for our experi ­
ment. Raman characterization was performed on the laser-
treated samples using a Bio Rad FT Raman instrument in
the back-scattering configuration. The light absorption of the
sample at 805 nm was estimated from spectrophotometric
measurements and was compared with already published lit­
erature values for both SnOj : F glass [14] and a-Si [15]. The

Untreated a-Si:H

FIGURE 2 Optical micrograph of diode-laser-crystallized a-Si : H on
SnO? : Fcoated glass

surface morphology was characterized by use of an atomic
force microscope (AFM) (Dimension 3100) operating in the
tapping mode. In order to reveal the granular structure of die
crystallized layer, Secco etching [16] was applied (solution:
3 parts HyO, 2 parts HF 50%, 1 part 0.15-mol solution of
K2CT2O7 in H2O) for 18 s. By using this treatment, the thin
oxide layer formed on top of the treated sample and any fine­
grained Si were oxidized by potassium dichromate and etched
away, leaving behind only large-grained material. Optical mi­
crographs and scanning electron micrographs were taken for
further characterization of the surface morphology. /An opti­
cal microscope picture of a laser-crystallized surface is shown
in Fig. 2. A clear distinction between the laser-treated and un­
treated regions is apparent. The untreated surface is smooth
and does not show any morphological changes. However,
after laser crystallization, a highly textured region is observed.
The results indicate that the laser-crystallized region may have
a mixed phase. The observed changes in the morphology ap­
pear to be in the range of a few microns.
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FIGURE 3 X-ray diffraction results for a S11O2 : F glass, b a-Si : H de-
posited on SnO? : F glass, and c laser-crystallized a-Si : II deposited on
S11O2 : F glass
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3 Results and discussion

Figure 3 shows the X-ray diffraction results, be­
fore and after laser treatment of the sample. Figure 3a is the
X-ray diffraction spectrum for SnO?: F-coated glass. SnOj : F
is a transparent conductor and serves as an electrical contact
for solar cells. The observed X-ray diffraction peaks are due to
the polycrystalline nature of SnOj : F. Figure 3b is the X-ray
diffraction spectrum for a-Si: H deposited on SnCb : F glass.
The X-ray diffraction spectrum for a-Si: H does not show any
peaks. However, after laser treatment, two sharp peaks corres­
ponding to the (111) and (220) orientations, and a very weak
peak due to the (311) orientation, were observed (as shown in
Fig. 3c), confirming the crystallization of a-Si: H on SnQj: F
glass. The (111) orientation is the predominant peak, over
both the (220) and (311) crystal orientations, which agrees
with the well-known Si powder diffraction pattern. For grain­

size determination, AFM images were taken. Figure 4a shows
the AFM image of an untreated sample and Fig. 4b the image
of a treated sample after Secco etching. Grains as big as 5 pm
in size were observed.

The absorption in the thin a-Si: H films was determined
from spectrophotometric measurements. Absorption was not
significant at the 'wavelength employed. The measurements
for a 5000-A-thick a-Si: H film on a 9500-A-thick SnCF : F-
coated glass substrate showed a reflection value of 43.5% and
a transmiss ion of 36%. So absorption and scattering amounted
to only 20.5%. It is important to mention here that it was only
possible to crystallize a-Si: H when deposited on S11O2 : F-
coated glass. With a laser output of 45 W, no crystallization
was observed with a-Si: II deposited on glass. Therefore, the
SnOj : F layer plays a critical role in the crystallization pro­
cess. The absorptivity at 805 nm for fluoride-doped tin oxide
is higher than that for a-Si: H [14]. Also, the strong tempera-
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FIGURE 4 AFM image of 3 a-Si: H before laser treatir
crystallized films treated subsequently with Secco etching
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lure dependence of the Si absorption coefficient enhances the
absorption of the diode laser light.

From the optical transmission and reflection measure­
ments, it was found that the absorption coefficient of a-Si: II
at 805 nm is about 300 cm"1, which corresponds to a penetra­
tion depth of about 33 pm. Since the a-Si: II film thickness
was only about 0.5 pm, it is reasonable to assume that a large
fraction of the energy was deposited in the thick (~1 pm)
SnOo ■ F layer. According to results reported by Rottkay et
al. [14], the imaginary part of the refractive index k is 0.02 for
SnOg : F at 805 nm. This value corresponds to an absorption
coefficient (4tt^/a) of 3122cm”1, about an order of magni­
tude higher than dial of a-Si: H at 805 nm. Since the melting
point of SnCh : F (--1630 °C) is higher than that of a-Si: H,
the former remains solid, whereas a-Si: II reaches its melt­
ing point. It was further observed that when die substrate was
heated to about 200 ’C, we were able to crystallize the a-Si: H
film on glass substrate, 'which was otherwise not. possible. We
conclude that with a higher laser power, it would be possible to
crystallize films of higher thickness even without the presence
of the SnCh : Flayer.

Figure 5 shows a Raman spectrum of a laser-treated sam­
ple, along with those for untreated and single-crystal sili­
con. The spectrum was taken using the BIG RAD FT Raman
system with 1.06-gm laser excitation in the back-scattering
(180°) mode. The laser spot, al the sample was about 1 mm x
1 mm and the power was about 400 mW. The system was
calibrated with c-Si, which has a peak at around 521 cm "1,
as shown in Fig. 5a. Figure 5b show's the Raman spectrum
of a-Si: H. No peak was obtained. However, according to
theory, a very broad peak is expected for the untreated sam­
ple. The peak appears to have been suppressed by noise at
tire large wavelength of the excitation laser. Figure .5c shows
the Raman spectrum of the laser-treated sample. The occur­
rence of a very sharp and narrow peak at around 520 cm "1
for the laser-treated sample further confirms the crystalliza­
tion demonstrated by the XRD measurements. 'Hie intensity
of the Raman peak increased with increasing pulse energy 

of the laser used for crystallization. For the single-crystal Si
wafer, the Raman signal was higher due to the larger penetra­
tion depth of the 1,06-pm Nd : YAG laser used for lire Raman
measurements.

In summary, we have successfully demonstrated the crys­
tallization of a-Si: II films on glass using low-cost and com­
pact semiconductor laser technology. Cry stallization 'was con­
firmed by X-ray diffraction and Raman measurements and the
achieved grain size of several microns w’as confirmed by AFM
techniques.
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Abstract

This article reports a comparative study on texturing in silicon and germanium surfaces after exposure to femtosecond laser irradiation in the
gaseous environments of sulfur hexafluoride (SF6) and hydrogen chloride (HCl). The surface texturing results from the combined effect of ktser-
assisted chemical etching and laser ablation. Optimized processing conditions have produced features on the order of nanometers in size. We
demonstrate for the first time that regular conical pillars can be formed in Ge and that HO can be used to form regular conical pillars in Si.
ftj 2007 Elsevier B.V. All rights reserved.

Keywords: Femtosecond laser: Snrfare lexltiring: Uitrtifasl lasers; Chemical restructuring; Silicon and germunium surfaces

L Introduction

Silicon and germanium are two of the most important
electronic materials used in the semiconductor industry.
Restructuring the surface of silicon has been an active area
of research due to several reasons including: (I) it enhances the
surface area and hence the effective active area of a device
increases, (2) it can effectively trap more light for fabrication of
high efficiency optoelectronic devices, (3) it increases catalytic
actions due to large surface area, and (4) it can have possible
biomedical applications.

Surface texturing by porosification of silicon has been
extensively studied over decades and recently ultrafast laser-
assisted surface texturing |1-8] has become progressively more
popular due to several advantages: (I) unlike porous structures.
regular sharp pillars can be formed in which the entire surface
area is exposed as exterior surface, (2) the structural, optical
and electronic properties can be well tailored by controlling the
processing conditions, and (3) large area samples can be
processed with automation. Nonetheless, the formation of
regular conical pillars has only been demonstrated previously in
silicon. Furthermore, while it is known unambiguously that the

* Currtspuiiiling auihur. Tel: +1 434 924 6167; fax: +! 434 924 8818.
E-mail address: mgupla@virginia.edu (M.C. Gupta).

O169-4332/S - see front matter '<3 2(107 Elsevier B.V. All rights reserved.
dui: 10.10! 6/j.apsusc.2007.01.079 

initial stages (i.e. during the first few laser shots) of surface
texturing exhibit virtually no dependence on the presence and
nature of the process gas. it is equally well known that the
ultimate structures formed after hundreds of laser shots depend
sensitively on the presence and nature (i.e. comparing vacuum
to air to He to SFfi) of the process gas. The specific role of the
chemical interactions that lead to structure formation are
shrouded in mystery. In this study we report the laser texturing
of silicon and germanium surfaces and compare their surface
morphologies.

2. Experimental procedure

The Si( I 0 0) (B doped) and undoped Ge(i 0 0) wafers were
cleaved into small chips and cleaned with acetone and
methanol. Silicon and germanium chips were put successively
on a stage inside a vacuum chamber (with base pressure
~ i mbar) mounted on a high precision computer controlled X-
¥ stage. The chamber was backfilled with 400 mbar SFfi or HO
after rinsing several times with the process gas. The samples
were then exposed to 1.4 mJ pukes of 800 nm/130 fs light at a
repetition rate of 1 kHz from a regenerativdy amplified Spectra
Physics Ti-.sapphire laser system. The laser beam was focused
by a Im focal length coated lens and incident normal to the
sample surface. Hie laser fluence was controlled by using a
calcite Glan-laser polarizer.
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The spatial profile of the laser pulse was nearly Gaussian.
though elongated in one axis compared to the other creating an
elliptical profile, and the fluence was calculated using the spot
size determined by exposing a small area on the sample surface
to thousands of shots, bi order lo scan art area bigger than the
laser spot size, the samples were translated using a motorized
X-Y stage. Scanning also assists to make more uniform surface
structures by smoothing out any shot-to-shot irregularities in
the beam profile. By varying the scanning speed of the X-Y
stage, the number of laser pulses impinging on the sample
surface at a particular spot was controlled. The spot size was
0.3 mm along the minor axis and 0.6 mm along the major axis.
Scanning was performed parallel to the minor axis. Samples
were produced either with isolated single line scans or with
large areas created by overlapping several line scans. The step
size between scan lines was chosen to be sufficiently small
(generally 0.38 mm) such that successive lines overlapped
substantially, improving homogeneity. Homogeneity is further
enhanced by performing two overlapping scans in orthogonal
directions rather than one overlapping scan with an exposure of
the same total number of shots. After laser processing, the
samples were analyzed with a field emission scanning electron
microscope (Zeiss SUPRA 40).

3. Restsite and discussion

Fig. 1. shows the SEM images of sharp conical pillars
formed on the silicon surface produced with 240 shots of 130 fs
laser pulses al a fluence of 0,6 J cm'2 in 400 mbar of SF6
(Fig. la) and HCl (Fig. lb), viewed 45° from the surface
normal. The pillar size varies across the scanned laser line
indicating the intensity variation of the laser fluence across the
spatial profile of the laser pulse. We overlapped the scan lines to
minimize height variation over a large area on the sample
surface. The spikes that are obtained in SF6 are ~ 15 jxrn tall
and around 5 jam at the base.

On the other hand, under similar conditions, the structures
formed in the presence of HCl are composed of taller pillars
(~ 20 p.m height) with a base dimension around 7 p,m. It is
evident from Fig. la and b that the pillars which are formed in
SFj, arc narrower towards the tips compared to pillars formed in
HCl. Although the pillar density is comparable in both cases,
the pillars formed in HCl look stronger and relatively blunt
towards the lip indicating that differences in the etch chemistry
in the F/Si system relative to that of Cl/Si system are
responsible for significant structural differences. The role of
chemistry in structure formation is not well understood and it is
not a trivial result that regular conical pillars are formed during
fs irradiation in SFft as well as HCl. For example, regular
conical pillars can be formed during ns irradiation of Si in the
presence of SF<, but they are not formed for ns irradiation in the
presence of HCl [9], During ns pulsed irradiation of Si, HCl
produces significantly blunter tips, the pillars are much taller
(>50 p.m) and they are porous rather than solid core [9], This is
a further indication that the mechanisms of pillar formation arc
not the same for fs and ns irradiation. This result is also
significant because chemical impurities, namely sulfur,

20 pm 00

Fig. !. SEM images of pillars, viewed 45’ from the surface normal, formed in
silicon surface by 240 laser pulses uf 130 fs duration. 0.6 J'cm"*  fluence in the
gaseous environment of 41M- mbar of (a) SF6 and (b) HCi.

incorporated during laser processing have been implicated in
changing the optical and electronic properties of the textured
surfaces [10], By expanding the range of gases in which pillar
formation is possible, we should be able to disentangle the
effects on optical and electronic properties of geometric
parameters from chemical parameters.

Fig. 2 displays SEM images taken for germanium samples
treated under similar laser and gaseous conditions as in the case
of silicon described above. A very different surface texturing
was observed in germanium as is clear from Fig. 2. In the case,
of germanium processed in SFfi, we noticed two distinct
features not observed under conditions that arc similar to those
used for silicon: (a) conical pillar formation with higher cone
angle up to a neck and (b) atop these pillars very sharp spikes up
to ~ 2 p.m in length with ~ 100 nm tip radius. Nanoclusters
formed during laser ablation are more abundant in germanium
compared to silicon under similar laser conditions, which might
be due to the lower melting temperature of the former. On the
other hand, the germanium structures formed in the presence of
HCl (Fig. lb) are less densely populated, shorter, high cone
angle, wider base, and exhibit greater variations in pillar height
compared to silicon (Fig. la). It is interesting to note that gas
phase silicon etching is anisotropic in HCl and the etch rate is
~ 20 p.m min"' for the Si( 1 0 0) plane at temperatures in the
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Fig. 2. SEM images of pitas, viewed 45“ from She surface nonnal. formed in
germanium surface by 240 laser pulses of 130 fs duration, 0.6 3 cm~~ iluencc in
she gaseous environment of 400 mbar of (a) SF» and (b) HCl.

and character of the pillars formed in silicon have been
observed to depend critically on the temporal pulse width of the
laser beam. Whereas pillar production with pulse durations in
the range of 100 fs - 20 ns has been demonstrated with much
smaller pillars being formed in the case of fs irradiation [10,13],
we were unable to produce pillars with a 300 ns Nd:VO.j laser.
It appears that pulses significantly shorter than the melt lifetime
(~ 250 ns) are a requisite characteristic of the laser for sharp
pillar formation.

4. Conclusion

■ We have for the first time demonstrated ultrafast laser
induced pillar formation in Ge using SF6 and HCl gaseous
environments. We have also demonstrated that ukrafast laser
induced pillar formation is not limited to SFft but other gases
such as HCl can be used, in this article we have also reported a
comparative study of ultrafast laser induced pillar formation
between Ge and Si.

Based on our observations, we make the following points
regarding structure formation in silicon and germanium: (a)
under similar laser and gas conditions the aspect ratios (height
to base ratio) of silicon pillars is higher compared to germanium
in both SF<, and HCl environments, (b) there is a spike
formation atop pillars that occurs in germanium, whereas a bulb
like structure forms atop silicon pillars when processed in SF6,
(c) silicon pillars formed in HCl are taller and sturdier
compared to SF6, (d) in germanium the structures formed in SFft
arc more regular, sharp, well defined features compared to
structures formed in HCl, (c) for the formation of regular
conical pillars, the pulse length of the laser must be
significantly shorter than the melt lifetime.
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range of 1050-1250 °C [11]. whereas in germanium the etch
rate is around 3p.mmin"i, the etch rate is independent of
temperature beyond 800 °C. and it leads to the development of
square pits for Ge(l 0 0) [12]. The associated differences in
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structure formation dynamics that result in more regular spike
formation in silicon compared to germanium in HCl. The
details of how these differences affect structure formation will
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Laser induced surface texturing that produces regular
structures on materials in the presence of reactive species is
a complex process involving: (1) plume/process gas and plume/
surface interactions (decomposition of reactive gas, chemical
etching enhanced by laser healing of the material and the
formation of radicals, deposition out of the plume, etc.), (2)
laser ablation of material, and (3) optical phenomena that
initiate the formation of regular structures. The laser
parameters, gaseous environment and the nature of the
substrate, all play a role in the final outcome of the surface
morphology. Structure formation is ultimately a convoluted
dynamical process involving all three factors. The dimensions

We gratefully acknowledge the financial support of the
National Science Foundation under grant ECS-0100243, NSF1/
UCRC center grant, IGERT Program Grant 9972790 and
CREST supplement Program Grant 0520208. This work was
also supported by the University of Virginia and West Chester
University.

References

j I ] T.-H. Her, RJ. Finlay. C. Wu. S. Dcliwala. E. Mazur. App!. Phys. Lea. 73
(1998) 1673.

12 j A J. Pedraza. J.D. Fowtkes. D.H. Lowndes. Appi. Phys. Leu. 74 (i 999)
2322.

!3| T.-H. Her. R.l Finiay. C. Wu. E. Mazur. Appi. Phys. A 70 (2000) 388.
Hi J. Braise. S. Baudach. J. Kruger. W. Kautek. M. Lenzner, Appi. Phys. A 74

(2002) 19.
j5| M.Y. Stai. C.H. Crouch, IE. Carey, R. Younkin, E. Mazur. M. Sheehy.

C.M, Friend. App). Phys. Leu, 82 (2003) 17 f 5.
)6| D. Riedel, i l. Hemandcz-Pozos. R.E. Palmer, K.W, Kolasinski, Appi.

Phys. A 78 (2004) 381.
|7j B.K. N'ayak. M.C. Csupta. Mater. Res. Soc, Symp. Proc, 850 (2005)

(MM 1.8.0.
|8j D. Mills. K.W. Kolasinski, J. Phys. D: Appi. Phys. 38 (2005) !.

SIONYX1403000041.0013

SAMSUNG EX. 1002 - 435/4148



B.K. A'rtyoi ei ul.7Ai:;:la:.f Surface Smci 253 (2W7‘; 6580-6583 6583

|9| K.W. Koiassnski. 0. Mills. M. Nahidi. J. Vac. Sei. Tcchnol. & 24 (2006)
i474.

I !0j C.H. Crouch. J.E. Carey. J.M. Wtsrrcndcr. MJ. Aziz. E. Mazur. F.Y. Genin.
Appl. Phys. !xh. 2004 (1850) 84.

(II j M. Dniminski. R. Gessner. J. CrysL Growth 31 (1975) 312.

• :1J.A. Amick, E.A. Roth. H. Gosscnberger. RCA Rev. 24 (1963)
473.

|I3j K.W. Kotasinski. in: S.G. P:srid;;:a: (Ed.). Recent Research Advances in
Applied Physics, vol 7, Transworld Research Network. Kerala. India,
2004. p. 267.

SIONYX1403000041.0014

SAMSUNG EX. 1002 - 436/4148



Mater. Res. Soc. Symp. Proc. Vol. 1123 © 2009 Materials Research Society 1123-P07-09

Ultrafast Laser Textured Silicon Solar Cells

Barada K. Nayak, Vikram Iyengar and Mool C. Gupta1

Charles L. Brown Department of Electrical and Computer Engineering, University of
Virginia, Charlottesville, VA 22904

ABSTRACT

A novel ultrafast laser texturing method has been developed to produce arrays of
nano/micro surface textures in silicon. Laser processing conditions have been optimized
for achieving appropriate optical and electronic properties for photovoltaic applications.
The textured silicon surfaces absorb greater than 99% of incident light over the entire
solar spectrum and the material appears complete black to bare eye. Textured silicon
surfaces are characterized for surface morphology and optical properties. Chemical
etching and thermal annealing steps have been performed to remove laser slag and
induced defects. Finally, we report the total and external quantum efficiency results on
photovoltaic devices fabricated on the textured silicon wafers, which can be further
improved.

INTRODUCTION

Efficient light energy absorption to cause carrier generation in a photoactive material is
one of the most important requirements for enhancing photovoltai c energy conversion in
solar cells. Therefore, high efficiency solar cell devices require good reflection control to
minimize optical loss at the front surface. This is typically achieved with a combination
of surface texturing (using wet chemical process) and anti-reflection coating (by
deposition of SisN4 layer using PECVD method). Usually industry uses two types of
texturing procedure:
(a) Anisotropic etching for mono-crystalline silicon using alkaline solutions like NaOH
and KOH at 70-80 ° C with addition of isopropanol [1], This etching process produces
randomly distributed pyramids and suffers from following shortcomings: lack of pyramid
size control, poor reproducibility, presence of untextured regions, need for adequate
surface preparation, and requirement of accurate control of temperature and isopropanol
concentration. While this method is applicable for mono-crystalline materials, it could
not be applied to multi-crystalline materials due to the ani sotropic nature of the etchant.
(b) Isotropic texturing for multi-crystalline silicon using acidic mixture of HF and HNO3
and organic additives [2], This method relies on the residual saw damage that causes
uneven etching of the surface that result in the texture formation. However, acidic
texturing has several issues for multi-crystalline wafers due to: requirement of saw
damage for effective texturing; accurate surface preparation, etc. Other methods of
texturing like reactive ion etching, mechanical texturing and photolithography and wet

1 Corresponding author E-mail: mgupta@virginia.edu
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etchings has been proposed but are not cost effective. On the other hand, lasers are
unique energy sources that could texture surface by selectively removing material by
ablation process. Since laser ablation is an isotropic process, texturing could be achieved
irrespective of the crystallographic orientation of material surface. Several groups have
demonstrated that laser could be used to texture the surface by creating grooves [3,4] or
pits [5], Previously we have reported that an ultrafast laser could be used to create arrays
of self-assembled nano/micro surface textures on various materials [6-9], These
nano/micro textures trap light very efficiently (over 99 % from UV to IR) irrespective of
the angle of incidence and state of polarization. Also lasers are increasingly used for
photovoltaic manufacturing. Here for the first time we report photovoltaic device results
fabricated on the ultrafast laser textured silicon surfaces, where further improvements in
efficiency are possible.

EXPERIMENT

Boron doped FZ silicon (100) of resistivity 2 Q cm is diced into small square chips of
size 2 cm x 2 cm. One of the chips is put on a stage inside a vacuum chamber (with base
pressure ~ 1 mbar) mounted on a computer controlled X-Y stage. The chamber is rinsed
with SFe at least twice and then backfilled with 400 mbar SFg. The samples are exposed
to 0.6 mJ pulses of 800 nm wavelength and 130 fs pulse duration at a repetition rate of 1
kHz from a regeneratively amplified Spectra Physics Ti-sapphire laser system. The laser
beam is focused along the normal onto the sample surface by a 200 mm focal length lens
and the laser fluence is adjusted by using a Gian laser calcite polarizer. In order to expose
an area bigger than the laser spot size, the samples are raster scanned under the laser
beam using the motorized X-Y stage. Scanning is adjusted such that laser lines overlap
suitably to generate a uniform surface texture over the silicon surface.

Laser textured wafers are first cleaned using a chemical etching procedure (NaOH
solution rinse followed by Isotropic etching (HNC^CHsCOOH: HF: 30: 10:4)) to remove
laser slag and smoothen the textured cones. The textured wafers are further cleaned by
IMEC process [10] for removal of organic and metal contamination. Wafers are then
annealed at 900 C for 30 minutes in an inert (90% Ar + 10% H2) environment to
passivate any laser induced defects. In order to form an n+p junction, commercially
available phosphorus doped oxide (P509 from Filmtronics) solution is spun on the texture
surface. After spin coating, the wafers are baked at 200 °C for 15 minutes before they are
inserted into a diffusion furnace. Doping is carried out in aN2:O2:3:l ambient at 900 °C
for 15 minutes. The spin on dopant film is retained after diffusion and front electrode area
is patterned using photolithography. Aluminum (700 nm) is sputtered on to the back of
the device (p-side) and Ti/Ag (50 nm/700 nm) is e-beam evaporated onto the front side of
the device (n+ side) for the ohmic contact. The front electrode shadowing is around 6%
of the device surface area. Lastly, the samples undergo a forming gas anneal at 450 °C for
30 minutes. Devices are then edge isolated before further characterization.

Surface morphology of the textured surfaces are analyzed using a scanning electron
microscope (SEM) (Zeiss SUPRA 40), reflectance measurements are carried out using a
spectrophotometer, I-V measurements are carried out using a class B solar simulator from 
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PV Measurements and photovoltaic efficiency is calibrated using a commercial solar cell
calibrated by NREL for 1.5 SUN (100 mW/cm2) illumination.

RESULTS AND DISCUSSION

Fig. 1 shows the SEM image of as-laser textured (a) single crystalline and (b)
multicrystalline (c) textured and chemically etched silicon surface. It is evident from the
image that the size of the conical microstructures are ~ 10 gm tall with base diameter of-
5 gm tapering down to ~ 100 nm and separated by ~ 6 gm from each other. Figure 1 (a)
and (b) indicate the laser slag that is produced by redeposition of ablated material. A thin
disordered layer over the conical structures is also produced during rapid laser melting
and resolidification process [11]. Figure 1 (c) demonstrate that most of the laser slag and
amorphous layer are successfully removed by employing a chemical cleaning followed
by thermal annealing mentioned in the experimental section. The blackness of the
textured material is retained even after the chemical etch (see the inset picture of a solar
cell of size 1 cm x 1 cm fabricated on a textured surface in figure 2).

Figure 1: SEM images of (a) as-laser textured CZ silicon (b) as-laser textured multi­
crystalline silicon (c) after NaOH and isotropic etching. Scale bar for all the images is 20
gm.

Figure 2 demonstrates the impact of surface texturing on the reflectivity of silicon. It is
clear that the laser textured surface absorb the entire visible spectrum of the
electromagnetic radiation compared to its un-textured counter part. We have also
observed that reflectivity turns out to be less than 10 % up to 15 gm wavelength in the IR
region of the spectrum [9], The total scattering from the textured surface is less than 1%
measured using an integrating sphere.
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Figure 2: Light reflection from polished bare silicon and laser textured silicon surfaces
after chemical etching and thermal annealing process. Inset shows the photograph of a
diced device fabricated on textured silicon wafer.

Figure 3 (a) and (b) show the dark and 1 SUN illuminated I-V data for the fabricated
device. It is evident from the short circuit current value that the textured surface has
efficiently trapped incident light. However, the low open-circuit voltage and fill factor
have caused the reduction in the over all efficiency. The low open-circuit voltage can be
attributed to high reverse saturation current as seen in figure 3 (a). The high
recombination current could result from high doping levels for the emitter region and/or
residual laser induced defects. We believe that optimization of doping and appropriate
etching for this textured material could reduce the recombination current.
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Figure 3: Current-voltage characteristics of textured silicon solar cell at 1 SUN
illumination. Left side curve indicates dark I-V characteristics.

Another possibility for poor fill factor could be attributed to high series resistance.
Scanning electron microscope images (figure 4) clearly indicate the porosity in the front
metal film deposited for electrical contact. The devices showed external quantum
efficiency (EQE) at an average of 75 % over the entire visible spectrum. In spite of the 
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high absorption in this material, the reduction in overall EQE could be due to the porosity
and/or non-uniformity of the metal layer leading to poor charge collection.

Figure 4: SEM images of (a) device showing front finger electrodes (b) a higher
magnification region of (a) indicating an area at the crossing of bus bar and finger. The
dark line separates the metallized region (white area) from the unmetallized region (c)
Eligher magnification image of metallized region of (b) showing the
porosity/discontinuity in the metal film deposited for ohmic contact.

CONCLUSIONS

In conclusion, we have demonstrated for the first time that solar cell devices of over 10%
efficiency could be fabricated using ultrafast laser textured silicon substrates. It should
also be noted that the fabricated devices are not optimized for best surface passivation,
doping profile and do not have a back surface field. So further improvements in device
efficiency could be realized with optimization of fabrication process. The laser texturing
process is unique due to the following reasons: (a) textured surfaces absorb around 99 %
of incident radiation over the entire solar spectrum (b) process is highly reproducible and
is relatively fast (c) the process produces same micro textures on multi-crystalline silicon
wafers.

Post chemical and thermal treatments on as-textured surfaces seem to have removed most
of the laser induced defects that is evident from the high photocurrent. Thick
metallization is required to overcome the observed porosity in the deposited metal film.
With appropriate finger grid geometry, surface passivation, back surface field and better
charge collection, ultra fast laser texturing can yield high efficiency photovoltaic cells.
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Efficient light trapping in silicon solar cells
by ultrafast-laser-induced self-assembled
micro/nano structures
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ABSTRACT

A novel ultrafast laser processing technique is used to create self-assembled micro/nano structures on a silicon surface for
efficient light trapping. Under appropriate experimental conditions, light reflection (including scattering) of the Si surface
has been reduced to less than 3% for the entire solar spectrum and the material appears completely black to the naked eye. A
post-chemical cleaning is applied to remove laser-redeposited material and induced defects. Optical, morphological, and
structural characterizations have been carried out on as-laser-treated and post-chemically cleaned surfaces. Finally, we
report for the first time the total efficiency of over 14% and high external quantum efficiency (EQE) results on photovoltaic
devices fabricated on the ultrafast-laser-induced micro/nano structured silicon wafer, which can be further improved upon
process optimization. Copyright C 2011 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Efficient light energy absorption over the entire solar
spectrum causing carrier generation in a photovoltaic
material is one of the most important requirements for
enhancing power conversion. This is becoming an
important issue as we are moving towards thinning the
wafers for cost saving while enhancing manufactured cell
efficiency closer to laboratory results and reducing bulk
recombination. Also, a cell structure design that could trap
light efficiently irrespective of the angle of incidence of
solar radiation is desirable. Most of the commercial solar
cells use surface texturing to achieve reduction in front
surface reflection to enhance light trapping. This is most
commonly achieved with a combination of surface
texturing (using wet chemical process) and anti-reflection
coating |by deposition of Si.iNa layer using Plasma
Enhanced Chemical Vapor Deposition (PECVD) method|.
Usually industry uses two types of texturing procedures:

Copyright t 70’ ’ John Wiley & Sons, ltd

(1) Anisotropic chemical etching for mono-crystalline
silicon (c-Si) using alkaline solutions, such as NaOH
and KOH. at 70-80'C with addition of isopropanol
|1-3|. Although, this etching process produces ran­
domly distributed pyramids, the process suffers from
following shortcomings: lack of pyramid size control.
poor reproducibility, presence of untextured regions.
need for adequate surface preparation, and require­
ment of accurate control of temperature and isopro­
panol concentration. Thus, it is very difficult to reduce
reflection to less than 10% with anisotropic etching.
While this method is applicable for c-Si materials, it
could not be applied to multi-crystal line materials due
to the anisotropic nature of the chemical etchant.

(2) Isotropic chemical texturing for multi-crystalline sili­
con (mc-Si) uses acidic mixture of HF and UNO, and
organic additives [4.5]. This method relies on the
residual saw damage that causes uneven etching
of the surface that results in the texture formation.
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Table I. Various texturing methods and reflectivity values reported for mono-crystalline (c-Si) and multi-crystalline (mc-Si) wafers

Author Year Technique Substrate
used

Applicable to Approx.
R (%) 0 550 nm

(as textured)

Gangopadhyay et al 2007 Isotropic acidic texturing mc-Si mc-Si 15
Zechner et al. 1997 Mechanical grooving mc-Si c-Si & mc-Si >15
Inomata et al. 1997 RIE mc-Si c-Si & mc-Si <2
Vazsonyi er al. 1999 NaOH + IPA c-Si c-Si 10
Nishimoto et al. 2000 Na2CO3 c-Si C-Si 10
Abbott et al. 2006 laser texture c-Si c-Si & mc-Si <5
Nishioka et al 2009 Ag nanoparticle c-Si c-Si & mc-Si <5
Branr er al 2009 Au nanopartcle c-S» c-Si & mc-Si <2
Younkm et al. 2003 Femtosecond c-Si c-Si & mc-Si <3

laser-induced microstructure
This work 2010 Ultrafast laser micro/nano structure c-Si c-Si. mc-Si. and thin a-Si <3

However, acidic texturing causes several problems
with multi-crystallinc wafers due to the requirement
of saw damage for effective texturing and of accurate
surface preparation. It is difficult to reduce reflectance
below 15% for multi-crystalline substrates. To reduce
reflectance to lower values, other methods of texturing,
such as reactive ion etching [6], mechanical texturing
[7,8|, nanopartcle-based nanoporous surfaces [9—11]
photolithography, and wet etchings [12], have also
been proposed. Table I compares various texturing
methods and reflectivity values reported for c-Si and
mc-Si wafers.

On the other hand, lasers are unique energy sources that
could texture surfaces by selectively removing materials
by ablation process. Since laser ablation is an isotropic
process, texturing could be achieved irrespective of the
crystallographic orientation of material surface. Several
groups have demonstrated that lasers could be used to
texture the surface by creating grooves [ 13] or pits [ 14]. To
create such types of textures, usually lasers with pulse
widths of tens of nanoseconds are used. These tightly
focused longer pulses sculpt the silicon surface to create
grooves or pits that effectively trap light through multiple
reflections. However, under shorter pulse regimes a (few
nanoseconds to femtoseconds), a very different types of
self-assembled micro/nano structures are formed (see
Figure I). Over the past decade, several groups have
investigated the formation of such structures in various
semiconductors, such as Si [15-18], Ge [19], metals
[20,21], and thin films [22], under various experimental
conditions. These micro/nano structures reduce reflectivity
very efficiently over a broad spectrum from ultraviolet
(UV)to infrared (IR) [23—25 j. Under ultrafast laser irradia­
tion, micro/nano structures are self-assembled as compared
to point by point scanning used with nanosecond pulse
lasers. One of the unique features of these self-assembled
structures is that efficient light trapping occurs irrespective
of the angle of incidence and state of polarization of 

incident radiation. Other important advantages of ultra­
fast-laser-textured surfaces are (a) high reproducibility; (b)
good uniformity of micro/nano-structures; (c) applicability
to c-Si, mc-Si, as well as thin films. Since lasers are
increasingly adopted in PV industry at various process
steps, such as edge isolation, groove formation, soldering.
etc. [26], this technology could have a promising future for
fabricating high efficiency cells. Previously, we have
reported the feasibility of fabricating solar cell devices
on ultrafast-laser-structured surfaces [27], Here for the first
time we report photovoltaic device results (measured
efficiency 14.2%) fabricated on the ultrafast laser micro/
nano structured silicon surfaces, where further improve­
ments in efficiency are possible through optimized textur­
ing and device fabrication processes.

2. EXPERIMENTAL

2.1. Laser micro/nano structuring

Boron-doped FZ c-Si (100) of resistivity 2 fl cm, undoped
c-Si, and mc-Si wafers are diced into small square chips of
size 2 cm x 2 cm. One of the chips is put on a stage inside
a vacuum chamber (with base pressure ~1 mbar) which is
mounted on a computer controlled X-Y stage. The chamber
is rinsed with SF6 at least twice and then backfilled with
400 mbar SF6. The samples are exposed to 0.6 mJ pulses of
800 nm wavelength and 130 fs pulse duration at a repetition
rate of 1 kHz from a regeneratively amplified Spectra
Physics Ti-sapphire laser system. The laser beam is
focused along the norma) onto the sample surface by a
200mm focal length lens and the laser fluence is adjusted
by using a Gian laser calcite polarizer. In order to expose
an area bigger than the laser spot size, the samples are
raster scanned under the laser beam using a motorized X-Y
stage. Scanning is adjusted such that laser lines overlap
suitably to generate a uniform surface texture over the
silicon surface.

Prog Photovolt Res Appl (2011) © 2011 John Wiley & Sons. Lid
DOI 10 1002/ptp 
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figure 1. SEM images of ultrafast-laser-induced micro/nano
structured silicon surface. Laser fluence lfl = 0.9J/cm?
(a) mono-crystalline Si surface exposed to about 300 laser shots.
(b) single spot on Si surface exposed to 1000 laser shots,
(c) multi-crystalline Si surface exposed to about 300 laser shots
Inset in troth (a) and (c) shows optical photograph of laser-treated

silicon surface that looks black.

2.2. Solar cell device fabrication

Ultrafast-laser-textured FZ c-Si (100) (p-type with
resistivity 2 fl cm) wafer is used for the solar cell device
fabrication. To remove laser-redeposited material and
induced defects, laser-micro/nano-structured wafers are 

first cleaned using a chemical etching procedure (NaOH
solution rinse followed by isotropic etching (HNOjiCHj.
COOH: HF: 30: 10:4)). The etching process also
smoothens the conical micro/nano structures to some
extent. The micro/nano-structured wafers are further
cleaned by the IMEC process [28] for the removal of
organic and metal contamination. In order to form an n + p
junction, commercially available phosphorus doped oxide
(P509 from Filmtronics) spin-on-dopant (SOD) solution is
spun on the laser-structured surface. After spin coating,
the wafers are baked at 200°C for 15 min before they
are inserted into a diffusion furnace. Doping is carried out
in a N2:O2:3:1 ambient at 925°C for 15 min. After
diffusion, the SOD film is etched away in dilute HF
solution. The wafers are oxidized at SOCTC for 30 min
followed by a deposition of 70 nm SiNx layer by PECVD
(silane and ammonia gases are used) for surface
passivation and further reduction of surface reflection.
Back contact is formed by firing Al paste [from Ferro
Corp.] and front contact is made by lithographically
pattering front surface and evaporating Ti/Pd/Ag (lOOnm/
50nm/500nm) by e-beam. Thicker photoresist is used in
lithography to avoid problems of punching by sharp-tips
through the resist during lithography step. Finally,
electroplating is performed for front electrode followed
by forming gas annealing and edge isolation by mechanical
dicing.

2.3. Material and device characterization

Surface morphology and elemental incorporation in the
micro/nano structured surfaces are analyzed using a
scanning electron microscope (SEM) (Zeiss SUPRA 40)
and energy dispersive X-ray spectroscopy system (EDS)
(INCA x-Sight, model 7426). Transmission, reflection, and
scattering studies are carried out on the laser-textured
samples using a Mattson Fourier transform infrared (FT1R)
and a Nicolet Protege infrared spectrophotometer with
integrating sphere attachment. Measurements are con­
ducted at a resolution of 16cm-1 and averaged over 250
scans. The specular reflectivity in the visible region is
estimated at different angles by placing the sample on a
rotating stage and directing a He-Ne laser (632 nm) and
a green solid state laser (530 nm) beam and then measuring
the reflected light intensities at different angles. Reflected
light is measured by a silicon detector of active region of
around 4 cm2 and the total reflectivity (specular plus
scattering) due to the micro/nano structures is estimated
by integrating the measured results for total solid angles
for each measurement taken for each steps of angles.
Quantum efficiency measurements are carried out using an
I-V setup and a tungsten halogen lamp. Individual
wavelengths are obtained by passing the white light from
halogen lamp through a 270 M Jobin Yvon spectrometer
and the power for each wavelength is measured using a
Newport 842-P power meter. Total efficiency measure­
ments are carried out using an l-V setup and a class B solar

Prog. Photovvlt: Res Appl (20111 © 2011 John W*!ey  & Sons, Ltd
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simulator from PV Measurements Inc. The device
efficiency results are verified against a commercial solar
cell calibrated by NREL for 1.5 SUN (100mW/cm2)
illumination.

3. RESULTS AND DISCUSSION

Figure I shows the micro/nano surface structures on Si
surface after ultrafast laser treatment. Figure 1(a) shows
the formation of micro/nano structures on a c-Si surface.
These structures are conical in shape; around 5-7 pm in
base diameter, 8-10 pm in height, tapering down to about
100 nm at the tip and separated by ~6 pm from each other.
Laser fluence is maintained at 0.9J/cm2 and average
number of laser shots used to create these structures are
about 300. Figure 1(b) shows a laser spot irradiated with
1000 shots at the same fluence. It is apparent from
Figure 1(b) that these structures are self-assembled on Si
surface upon ultrafast laser irradiation. When the Si surface
is raster scanned under the laser beam, a large area covered
with micro/nano structures is generated. The surface
appears completely black to the naked eye after laser
treatment. Figure 1(c) shows the SEM image of a mc-Si
surface after ultrafast laser treatment. Micro/nano struc­
tures, similar to that of c-Si. are formed in mc-Si indicating
that laser-texturing process produces same surface features
for grains of different orientations. Inset in Figure 1(a) and
(c) shows the optical images of c-Si and mc-Si chips,
respectively, where ultrafast-laser-treated areas look
completely black. This is confirmed by the results, shown
in Figure 2. which shows that the specular reflection is
virtually negligible in the visible range from an as-
ultrafast-laser-treated Si surface. Figure 3 indicates
the reflectivity of these surfaces at various angles of
incidence for P and S polarization states of incident
radiation at wavelengths of 530 and 632 nm. It is clear from
the figure that the surface reflectivity is negligible
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Figure 2. Specular light reflection from polished bare silicon and
laser micro/nano structured silicon surface of Figure 1(a).
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Figure 3. Reflectance from the control and micro/nano struc­
tured Si as a function of angle, (a) Reflectance at 532 nm for laser-
textured sample and mset is the reflectance for polished Si. (b)
Reflectance at 633 nm for laser-textured sample and inset is the

reflectance for polished Si

compared to polished Si surfaces for both 530 and
632 nm wavelengths and for both polarization states. Since
any arbitrary polarization state could be considered as
combination of P and S polarized light, we can safely say
that these surfaces would remain highly non-reflective for
a wide range of incidence angles, polarization states of
incident radiation, and wavelength.

Si surfaces reflect over 35% of incident light over the
visible spectrum. The remaining light is absorbed and can
partly transmit depending on the wafer thickness and
wavelength. As the absorption coefficient of c-Si decreases
significantly for the wavelengths closer to the band edge
(J. 12eV), transmission values will be high for thin wafers
and for longer wavelengths. Hence, light absorption
becomes an issue for longer wavelengths and in particular
for thin wafers. For example, silicon absorption coefficient
at lOOOnm wavelength is 6.4cm-1 [29j. In order to trap
most of the incident light at this wavelength, the wafer
thickness has to be more than 1.5 mm. This is unacceptable
for photovoltaics where Si wafer thickness is in the range
of 250 pm. Ultrafast-laser-induced micro/nano-structures

Prog Photovolt: Res Appt <2011) ® 2011 John Wiley & Sons. Ltd.
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trap light very efficiently through multiple reflections
where a few microns high surface structures could trap
most of the light without much transmission due to larger
effective thickness.

As mentioned in the Section 2, laser-structuring process
is carried out in SF6 environment which leads to the
incorporation of sulfur in silicon. It has been reported that
sulfur incorporation in Si can cause absorption of photons
whose energy is less than Si band gap [30). We have also
reported previously that ultrafast-laser-treated surfaces
show very low total reflection (25] as well as transmission
over the 1R region up to 20 p.m. This indicates that
absorption is enhanced for longer wavelengths (beyond
band gap) by sulfur incorporation in addition to multiple
reflection. Factors such as laser-induced structural and
chemical modifications (defects, dislocations, a-Si layer
formation, impurities, and compound formation) could
also contribute to light absorption.

It is evident from Figure 1(b) that there is a significant
amount of redeposited particles on the laser-treated area.
Also, the surface of the conical structures is rougher due
to rapid laser melting and resolidification. In order to study
the laser-induced defects and elemental incorporation,
Raman and EDS analysis is carried out. The presence of
foreign atoms in a crystal can alter the lattice periodicity
and, thus, can create absorbing states in the band gap. Since
the laser processing is performed in the presence of
different gases, we carried out the EDS spectra measure­
ments on ultrafast-laser-treated undoped Si samples
processed under SFA gaseous conditions. Table II gives
the atomic percentage of different elements found in the
treated Si material. It is clear from the table that a sufficient
amount of sulfur is incorporated into the structures. It is
worth mentioning here that the samples are not annealed or
cleaned prior to EDS analysis. Therefore, much of the C
and O may arise from contamination on the surface. Also,
no effort is made to remove the surface layer of oxide and
this account for most of the O presence.

Figure 4 shows the micro Raman spectrum obtained
from control as well as textured samples using 632.8 nm
excitation from a He-Ne laser source. The Raman signal
is collected in a back-scattering configuration with
resolution in the range of 1-3cm’1 depending on the
gratings chosen. The calibration is done using a standard
c-Si sample. It is clear from Figure 4 that the treated sample
shows (a) a slight broadening of the LO-TO phonon peak;
(b) an asymmetry around 521 cm-1; and (c) an pbserved
blue shift. These observations indicate that there is some
amorphous material in the sample and a change in the
electronic properties. The asymmetric broadening of
the LO-TO phonon mode are observed in the silicon

Table II. EDS results of laser micro/nano structured undoped Si
surfaces treated in SFe gaseous conditions

Element C 0 Si S F
Atomic % 8.3 5-5 85.9 0.14 0.26

25300*
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Figure 4. Raman spectra from control and treated sample.
Control sample shows a typical symmetric Raman line peaked
at 521 cm where as the treated sample shows a slight blue

shift and asymmetry in the signal.

due to phosphorus doping [31 ]. With increasing phosphor­
ous concentration, a broad low-energy tail extending from
400 to 500cm’1 develops. In undoped micro-crystalline
silicon, this broadening is commonly attributed to the
presence of a residual amorphous and/or nano-crystalline
phase. Since EDS and Raman experiments are carried
out with undoped Si. from Raman study it is apparent that
there might be a small skin of amorphous and/or nano­
crystalline material covering the pillars and sulfur
incorporation contributing to the broadening of the Raman
peak resulting from laser processing.

In order to remove the laser-redeposited particles, a
post-chemical cleaning of laser-treated surfaces is carried
out. Figure 5 shows the SEM images of micro/nano-
structured surfaces after removal of redeposited particles
using the chemical procedure described in the Section 2.
From Figure 5(d) it is clear that the micro cones look clean
and free of debris. While it is possible to etch away debris
by longer chemical etchings, doing so is not advantageous
because it enhances the surface reflectivity due to
smoothening of micro/nano structures. We have fabricated
solar cell devices on laser-treated surfaces that have been
chemically cleaned under different conditions: (a) highly
cleaned (about 60s cleaning in isotropic etchant), (b)
moderately cleaned (about 40 s cleaning in isotropic
etchant), and (c) moderately cleaned and annealed at
1000 C for 30 min in forming gas. The device results for
all three types of devices are given in Table III.

Ultrafast-laser-induced micro/nano-structures have con­
ical shapes with a steeper slope compared to the pyramidal
structure formed using chemical etching. During laser
processing, the pillar cone angles vary within the range of
30-60' depending on the processing condition and random
height variation. However, due to smaller cone angles
compared to chemical etching, incoming light gets trapped
with multiples reflections with higher fraction. Total
reflection of as-laser-treated samples is very low and
increases by a few more percentages after post-chemical

Ptog. Photovdr R&s Appl (2011) © 2011 John Wiley & Sons. Ltd
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Figure 5, SEM images of laser-structured surface: (a) as-laser-treated: 40 s NaOH etch followed by isotropic etch for (b) 5 s, (c) 10 s. (d)
20 s.

cleaning. For instance, at 550 nm wavelength, an as-treated
surface has a total surface reflectivity of 2.5% and that rises
to 5.1% after chemical etching and reduces back to 1.4%
after a thin oxide (~10nm) and SiN, layer (~70nm) is
deposited (see Figure 6 and Table III). We have carried out
simulations for our laser-treated surface using the PV
Optics program from NREL [32]. Figure 7 shows the
simulated reflectance values with respect to texture angle at
550 nm wavelength. It is clear from Figure 7 that
reflectance increases with cone angle. Initially 8-10 p.m
texture height was chosen knowing that post-chemical
etching would reduce the texture height to 4-5 pm. Since
silicon is etched uniformly by post-chemical processing.
cone angle does not change significantly by it. Therefore.
micro/nano-structures of a few micron heights are able to
trap light efficiently (which is consistent with simulation).
For texture angles between 30-60", the reflectance is below
5%. For 550 nm wavelength, as-laser-treated surface has a
measured total surface reflectivity of 2.5%, which is very
close to the simulation result of 1.8%. assuming that the
average texture angle is 45r. According to the simulation.
after the thin oxide (lOnm) and SiN» layer (70nm)
deposition, the reflectivity should go to zero at 550 nm.
whereas we measure a very low value of around 1.4%. This
slight variation could be due to the variation in micro/nano-
structure heights of laser-treated surfaces and minor
changes in the refractive indices (n & k) between
amorphous and crystalline phases. Total reflectivity of a
highly cleaned sample measured using an integrating 

sphere at different processing stages is shown in the
Figure 6 and Table III which contains the total reflectivity
data for surfaces that have undergone different chemical
etching.

Figure 8(a) shows the 1 SUN illuminated /-Vcurve for
the device fabricated on a laser-textured Si surface.
Currently, a total efficiency of 14.2% is achieved for
ultrafast-laser-treated devices compared to 14% for a
control device (which has no surface texturing but has an
antireflection layer of lOnm of oxide plus 70 nm of SiN,)
and to 16.4% [33] for a chemically textured device with
similar antireflection layer as in the case of control device.
The efficiency of laser-textured devices can be further
improved, since a higher short-circuit current value for the
laser-textured devices is indicative of efficient light
trapping. However, for laser-textured devices, the low
open-circuit voltage (VoJ and fill factor have caused the
reduction in the overall efficiency. The low V^. can be
partly attributed to a high saturation current as seen in
Table III. The saturation current density is extracted from
the dark l-V curves using the two diode model assuming
two non-ideal diodes. Nonlinear regression analysis is
performed using a program provided by MTR Software, it
is evident from Table III that the recombination current
(JU2) for all laser-textured samples is higher compared to
reference cells. This increase in the recombination current
can be attributed to the presence of laser-induced defects,
impurity incorporation, and high surface area. This can
partly explain the lower open-circuit voltage. It is also

Prog Photovoir Res Appt (2011) © 2011 John Wiley & Sons. Ltd
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Figure 6. Total reflection measured using an integrating sphere.
(a) Polished Si, lb) as laser structured, (c) post-chemically cleaned
laser-treated surface, (d) after thin oxide growth (10 nm oxide for
passivation) followed by PECVD silicon nitride 170 nm) on sample

prepared in (c).

observed in Table III that post-chemical etching and
thermal annealing improve the and /«.

Figure 8(b) shows the external quantum efficiency
(EQE) results for a laser-treated device. Ideally, quantum
efficiency values should be higher owing to the increased
absorption due to multiple reflections in laser-treated
surfaces. A textured surface can be expected to show
increased current density due to higher light absorption and
at the same lime decrease in current density due to surface
recombination. However, the textured samples were
chemically etched to remove laser-induced damage. We
have observed EQE values of around 90% (/. = 700nm)
which is closer to the measured value for our reference
sample (untextured). Overall EQE could be further
improved by minimizing the laser-induced defects and
adopting suitable passivation schemes such as coating a

40 

35 

30 

£ 25 

20 

15

& io

5-

60 80 100 120 140 160 160 200

Texture Angle (Deg.)

0 [ .
0 20

Figure 7. Effect of cone angle on reflectance calculation using
PV Optics program.
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Figure 8. (a) Current-voltage characteristics of micro/nano
structured silicon solar cell at 1 SUN illumination. Inset shows
the photograph of a diced device fabricated on a micro/nano
structured silicon chip, (bl External quantum efficiency result
for a device fabricated on ultrafast laser micro/nano structured

surface

thin layer of a-Si:H. High dark current is also indicative of
this fact (see Table III).

While the post-chemical etching process needs further
improvements, it is possible to carry out laser-surface
structuring in the presence of other gases such as HC1,
where sulfur incorporation could be avoided. We have
demonstrated that it is possible to create self-assembled
micro/nano structures in HC1 environments [17], The laser-
treated samples used in this study are prepared in a
chamber filled with SF6 gas at 400mbar without
maintaining a constant flow of gas. By maintaining a
constant gas flow while the laser processing is going
on, redeposition of ablated particles could be minimized.
Appropriate post-chemical processing and the use of
HC1 gas during the laser treatment combined with a proper
passivation scheme could result in a much higher open­
circuit voltage. This study shows that with very high
short-circuit current (39mA/cm2) resulting from extra­

ordinary light trapping properties of ultrafast-laser-treated
surfaces, an improvement in open-circuit voltage could
lead towards the fabrication of very high efficiency silicon
solar cells.

4. CONCLUSIONS

In conclusion, we have demonstrated for the first time that
solar cell devices of total efficiency of 14.2% can be
fabricated using self-assembled micro/nano structures by
ultrafast laser processing of silicon substrates. It should
also be noted that the fabricated devices are not optimized
for defect removal, sulfur incorporation, best surface
passivation, doping profile, and front electrical contact.
Further improvements in device efficiency could be
realized with optimization of the fabrication processes.
The ultrafast-laser micro/nuno-structuring process is
unique due to (a) textured surfaces reducing surface
reflectivity to less than few percent of the incident radiation
over the entire solar spectrum irrespective of the angle
of incidence and state of polarization of the incident
radiation; (b) process is highly reproducible and produces
uniformity of micro/nanostructures; and (c) the process
produces similar micro/nano surface structures on mc-Si
wafers as effectively as on mono-crystalline wafers.
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The feasibility of micromechanical optical and infrared (IR) detection using microcantilevers is
demonstrated. Microcantilevers provide a simple means for developing single- and multi-element sensors
for visible and infrared radiation that are smaller, more sensitive and lower in cost than quantinn or thermal
detectors. Microcantilevers coated with a heat absorbing layer undergo bending due to the differential stress
originating from the bimetallic effect. Bending is proportional to the amount of heat absorbed and can be
detected using optical or electrical methods such as resistance changes in piezoresistive cantilevers. The
microcantilever sensors exhibit two distinct thermal responses: a fast one (-rj™45 < and a slower one

A noise equivalent temperature difference, NEDT - 90 mK was measured. When
uncoated microcantilevers were irradiated by a low-power diode laser (A = 786 nm) the noise equivalent
power, NEP, was found to be S.SaW'/V&'which corresponds to a specific detectivity, D*.  of
3.6x!07cm -/fifc/w at a modulation frequency of 202/j.

Because infrared is the second most intense radiation band in our environment, its detection and imaging has extensive
industrial, military, and commercial applications, including remote monitoring of facilities and equipment, process control,
surveillance, night-vision, collision avoidance, and medical imaging. Presently, there, are several families of commercially
available infrared detectors, including thermopiles, pyroelectrics, bolometers, and various solid state detectors1Thermopile
detectors typically have a large thermal mass and song response times (> 10ms). Bolometers using micromachined, suspended
foils have much better rise times due to their reduced mass. Both thermopiles and bolometers offer broad spectral response
when coated with suitable optically absorbing materials. Solid state detectors for the infrared region, such as quantum well
devices, must generally be operated at reduced temperatures due to inherently high thermal noise. Additionally, the spectral
response of these semiconductor devices is limited by tire intrinsic properties of the composing materials. These infrared
detectors can be classifies either as quantum - such as the pyroelectrics; or thermal detectors - such as bolometers and
thermopiles. For the former type, incident infrared radiation is converted into an electronic response while with thermal
detectors, IR radiation is converted into heat which is subsequently detected through temperature changes in the detector.
Depending on the operational demands, one type of detection device may be favored over another. As a general rule, when the
photon energy of the infrared radiation hv>ksT, photon detectors offer better performance and when hv< kgT, thermal
detectors are generally favored.

F,

Figure 1. Left drawing is a cross-secrionai schematic showing she bending response of a bimetallic cantilever with an IR adsorbing coating. Ssrfe.cs
stresses Sj and Sj are balanced at equilibrium, generating a radial force Ft along the media! plane of the microcantiiever. These stresses become
unequal upon exposure to IR radiation producing a bending force, F,, that displaces the tip of the microcantilever, Middle - is a scanning electron
micrograph of one of the piezoelectric IR sensors used (calibration bar is 16/ws). Right - is another scanning electron micrograph of ths
•SjA^microcantiievera used for the experiments compared to a human hair (calibration bar is 62.5/wi}.
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A new approach for producing compact, light-weight, highiy-sensitive micromechanical infrared detectors is provided
by microcantilever technology which is based on the bending of a microcantilever resulting from absorption of optical energy.
When a microcantilever is exposed to infrared radiation, the temperature of the cantilever increases due to absorption of tills
optical energy3-4. If these microcantilevers are constructed from materials exhibiting dissimilar thermal expansion properties
(such as silicon nitride coated with a thin gold film), the bimetallic effect will cause the microcantilever to bend in response to
this temperature variation3"14 (such a response is shown in the left image of Figure 1). The extent of bending is directly
proportional, in first order, to the rate of energy absorption, which in turn is proportional to the radiation intensity. Previous
work has shown that microcantilever bending can be detected with extremely high sensitivity15"17. For example, the metal-
coated microcantilevers feat are commonly employed in atomic force microscopy (AFM) allow sub-Angstrom (<10”S0m)
sensitivity to be routinely obtained. Recent studies have reported9-14 the use of microcantilever bending for calorimetric
detection of chemical reactions with energies as low as a few pJ. It was demonstrated3 that (he detector had an observed
sensitivity of 100 pW corresponding to an energy of 150/7 and proposed using the sensor as a femtojoule calorimeter. An
estimate of the minimum detectable power level was of the order of 10 pW, corresponding to a detectable energy of 20 fJ and a
temperature sensitivity 10~s K9. However, using an optimally designed cantilever, the sensitivity may be improved even
further1*3"13. Hence, for applications in optical radiation detection, microcantilevers can be coated with appropriate absorptive
materials such that they undergo bending upon exposure to radiation (such as infrared or near infrared radiation). IR sensing
cantilevers are typically 100 - 200/zm long, 0.3- 4 pm thick and lO-SOpn wide, and made out of materials such as silicon
nitride, silicon or other types of semiconducting materials18. Due to the monolithic nature of these devices, they can easily be
produced in one- and two-dimensional arrays with hundreds of levers on a single wafer. This type of fabrication scheme
possesses obvious advantages when considering the production of infrared imaging systems with these cantilever devices.

When considering the bending of the lever, a proportionality between bending and the absorbed energy by the
microcantilever is obtained by assuming a spatially uniform incident power, dQidt, onto a bimetallic microcantilever.
Therefore, the maximum deflection, z^, due to differential stress is given by3-11-13-19;

5 (tj+f;)!3 _ g2)(dQ/dt) ___
4 (Ajtj +A2r2)w^ +

where I and w are, the length and width of the microcantilever, respectively, o. and the thicknesses of the two layers,
A{, A.J; ctj, ot2; Ei, are the thermal conductivities; thermal expansion coefficients and Young’s moduli of elasticity of the
two layers; t) is the fraction of the radiation power absorbed.

(b) TsafsttaarGri®

HbNs Laser
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Figure 2. (a) Schematic representation of the piezoressstive IR detection experiment. The piezolever is past of a Wheatstone
bridge, one of the tegs connected to ground, the other to a metal film nesistor with approximately the same resistance R ~ 2000D.
The other two outputs are connected to the iaptit of a differential mstramentation amplifier, (b) Schematic diagram of the optical
read-out method for IR detection.
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A schematic diagram of the piezoresistive cantilever deflection detection technique is given in Figure 2(a). In this
example, surface doped silicon rnicrocantilevers were used in which the piezoresistance across the cantilever varied when it bent
due to thermal stimulation. The design and construction of these cantilevers is described in detail elsewhere20121. The total
resistance of the cantilever was approximately 200011, which was electrically connected across one arm of a dc-biased
Wheatstone bridge circuit. The change in the total resistance is directly proportional to the maximum deflection of the
cantilever20:

W^Sfc^CDxlO-6 (2)

where z^CT) is expressed in nm.

The thermally induced deflection of the cantilever is caused by the bimetallic effect which arises due to the difference in
the thermal properties of the IR coating, the metal layer, and the native silicon body of the cantilever. A reference voltage ¥0
(equal to 9 volts in these experiments) was applied across the circuit and die voltage difference, AV(T), across the Wheatstone
bridge circuit was digitized using a Tektronix TDS 544A digital oscilloscope or fed into a Stanford Research Systems SR850
lock-in amplifier. The measured voltage AV is related to the deflection of the cantilever by

3Va f.&y(n = 2°-mx(T)xi0f!
4 (3)

The experimental measurements were performed using piezoresistive microcantilevers as temperature sensors in the
configuration shown in Figure 2(a). The commercially available piezolever18 was coated with - 50 nm of gold black which
served as the IR absorbing material. IR radiation was then focused onto the sensor using a 2.54 cm diameter IR lens with a
focal length of 3.5cm and a wavelength transmission range between 0.6-15/mt22. A Stanford Research Systems SR-540
chopper was used to modulate the IR radiation upon the detector. The sensor assembly was positioned 15 cm from a soldering
iron which served as the IR source. A calibrated thermocouple was attached to the IR source so that its temperature could be
recorded.

The thermal power absorbed by the detector can be described as:

Pthermal ~ Vl] PsecrS-s(T.? ”
fit i 2srf. J * 1

(4)

where is the transmission of the lens, is the effective area of the sensor, L is the distance of the detector from the
source, Ay is the area of the target (IR source), e is the target’s emissivity, &S_B is the Stefan-Boltzmann constant
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(~ 5.67xlO”i2W-cm~2 JU4), Ts is the temperature of the target, and TR is the background temperature. In the present
studies il~0.7, A;; = 6.2x10"*  cm2, L~l5cm, As~90cm2, and r^ = 294K. Using these values in Eq. (4), the
absorbed thermal power (in Watts) is PJfcrBMi ~ 6.064 xl0"n ^T4 ~(294)4j (assuming that rj - 0.9 and a measured £-0.43

for the hot iron IR source).
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figure 4. Response of the Wheatstone bridge detection circuit, &V, deflection, zmsx and noise AV,. of the piezolever as a
function of the modulation frequency.

The response AV was measured as a function of the temperature, T, of the IR source. This is plotted in Figure 3(a)
along with the deflection, zn[ss, of the piezolever and can be seen to be a monotonically increasing function of temperature. In
Figure 3(b) a plot of the response of Wheatstone bridge circuit, AV, and the deflection, z^, of the piezolever detector as a
function of the total power absorbed by the detector and it can be seen that it increases linearly with increasing power. From
the slope of this line, a deflection sensitivity of 0.125 nm/ )tW is obtained. At a modulation frequency of 30 Hz, a noise
equivalent power (NEP) of ~ 70 was also obtained, where NEP- (AV„/AVjx P.hermat; AV„ is the background

noise level ^AVn ~10~lSV].

The response of the detector was also measured as a function of the distance from an IR source. This is shown in
Figure 3(c) where AV and zI!KK are plotted as a function of the distance, L, between the detector and the surface of the
soldering iron (IR source); L was varied from 14 cm to 35 cm. The ambient temperature was ~ 294 K and the temperature of
the IR source was held at 693 K. The measured AV and calculated z^ were found to decrease with increasing distance and
followed closely an inverse square relationship with distance [see Eq. (4)] for distances larger than 15 cm.

Since the response of any thermal sensor depends on both the amount of heat falling onto the detector and the length
of time it is exposed to the incoming IR radiation we measured the response of the Wheatstone bridge circuit, AV, and the
deflection, z^, as a function of modulation frequency of the IR radiation (Figure 4). It can be seen that the detector response
(and the deflection of the cantilever) decreases with increasing modulation frequency. The temporal response of the temperature
sensor was also determined by measuring AV as a function of time. The microcantilever was found to exhibit two thermal
response times due to the incoming IR radiation; a time < 1 ms and a time '^emal that is somewhat longer 10 ms).

These findings demonstrate that small changes in temperature induce deflections of the microcantilever correspond to
measurable changes in the piezocantslever resistance. It should be noted that these commercially available piezolevers have 

348 ! SPIE Vol. 2744

Downloaded SP1H Dtgita! Library on 13 Oct 0 (o 151.207.242.4 Terms of Use: http^spisdLorg/terms

SIONYX1403000041.0033

SAMSUNG EX. 1002 - 455/4148



been designed to be minimally sensitive to changes in temperature so as to reduce the noise and interference in scanning probe
microscopy applications. Therefore, the temperature sensitivity of the piezolever could be further improved by optimizing its
shape, IR absorbing coating and thermal isolation.

Type I: £ = 0.03N/m

Type HI: *=0.01N/m

Type II: fc = 0.02N/m 32® [W!

130 jurt

k 1.0 mm

Figure S. Schematic view of the thick Si3IV4n>icri>cantilcvera used for evaluation of thermal response. Note that results
from only the two left-most tsiscrocantdevers (out of five total) oa the lower chip are presented.

.3.J^_OMicsl_DefecijoiL.„MQlMtoriag

Beading of microcantilevers can readily be determined by a number of means, including optical, capacitive, tunneling,
and, as shown before, piezoresistive. The optical deflection approach used was adapted from standard atomic force microscopy
imaging systems, and is shown in Figure 2(b). Microcantilevers were mounted in a holder (from Digital Instruments) designed
for tapping mode AFM, which secured the base of the microcantilever against a small piezoelectric transducer; this chip holder
was then mounted on a three-axis translation stage to facilitate fine adjustment of the microcantilever relative to the rest of the
experimental apparatus. Collimated optical radiation from a diode laser was used to evenly illuminate the mounted
microcantilever (pump wavelength of 786m, beam diameter of 6 mm, centered on the tip of cantilevers 180 —320pm in
length). Output of this excitation source was modulated sinusoidally at frequencies ranging from DC to 100kHz, with peak
powers ranging from 0 to 18.5 mW (0 to 65 mW /cm2). This configuration provided a flexible, easily controlled test system
for quantifying microcantilever response to optical energy. All measurements were conducted at ambient temperature and
atmospheric conditions.

A second laser was used in a probe configuration to monitor bending. A helium-neon laser (or HeNe, delivering
3 mW at 633nm) was focused onto the tip of the microcantilever using a 10X microscope objective; to minimize heating of
the tip by the probe laser, optical power was reduced by placing a neutral density filter with an optical density of 1.0 between
the probe laser and the objective. A dual element photodiode displacement detector was used to collect the reflected probe beam
[position detectors PDt and PD2 in Figure 2(b)]; ata bandpass filter centered at 633 nm was placed in front of the detector
to block scattered light from the pump laser. The difference signal from the detector pair as the cantilever tip changed position
([PDj ~ PD2 ]/[PD! + PD-z was used to measure- the displacement, d. This signal was directly digitized and stored, or sent to
a lock-in amplifier (SR850, Stanford Research Systems) for signal, extraction and averaging. The lock-in amplifier was also
used to control modulation frequency and output level of the pump laser.
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Figure 6. Mechanical and optical excitation spectra for a Type HI mscrocantilever. Response to frequency swept mechanical
excitation is given in spectrum ‘A’; similar results for optical excitation are shown in spectrum ‘S'. Optical excitation was effected
using a sinusoidally modulated pump laser at 786nm, Spectrum ‘C’ shows noise response when the pump laser is operated in a de
mode. Fsmdamental mechanical resosussce at 6.2Wfc and higher-order resonance at 37kHz are evident for both optical and
mechanical excitation.

Optical response characteristics of three different types of commercially available AFM probe tips were evaluated.
These microcantilevers are shown schematically in Figure 5 as well as in the scanning electron micrograph of Figure 1.
Microcanalevers typically come from the manufacturer attached to a large rectangular chip (ca. 1 mm wide x 3 mm long x 1 mm
thick) that is used to facilitate manipulation and mounting, and all those evaluated in this work were used as received. The
microcantilevers used were: a triangular silicon nitride St3A?4 microcantilever (labeled "I" in Figure 5, with a length of
180[m, a width of 18/im and a bending force constant k ~ 0.3 JVIm, from Park Scientific); a rectangular silicon nitride
microcantilever (labeled "H", 200 pn in length and 20 pm in width, bending force constant k ~ 0.2 N/m, Park Scientific); and
a triangular silicon nitride cantilever (labeled "01", which was 320jim long and 22pn wide, with a bending force constant
k ~ 0.1 N /m, Park Scientific). Each was 0.6 fim thick. The Type I cantilever was coated with aluminum on one side to see
how this would affect its optical response characteristics; Types II and HI were used as received from the manufacturer, with a
gold/chromium film uniformly covering one side.

An essential aspect of any scheme for micromechanical optical detection is the ability to sensitively detect physical
changes resulting from thermal stress, since this directly affects the sensitivity and precision in measurement of temperature
change or thermal flux. As an initial evaluation of the ability to detect optically-induced bending of a microcantilever, each of
the three types of microcantilever were subjected to both mechanical and optical excitation, and their response measured as a
function of excitation frequency. Mechanical excitation was achieved by driving the piezoelectric element in the AFM chip
holder with the reference signal from the lock-in amplifier; such mechanical excitation spectra are helpful in locating resonance
frequencies for allowed microcantilever bending modes. Optical excitation spectra were obtained by modulating the pump laser
with the lock-in reference signal. Typical response spectra for a triangular microcantilever (Type III) are shown in Figure 6.
The mechanical spectrum (curve "A") shows two resonances, at 6 kHz and 38 &H?, attributable to the fundamental transverse
resonance and a higher-order resonance (possibly torsional bending), respectively. The optical spectrum (curve "B") shows
similar resonance features, although with somewhat different relative intensities; a large, broadband response is also noted at
low frequencies. No synchronous oscillatory response was noted when the microcantilever was excited with constant de laser
power (curve "C"). Similar response was noted under these conditions for the other two microcantilevers.

350 / SPi£ Vol. 2744

Dowhloacierf from SPSS Digital Library on 13 Oct 2«1G to 151-207.242.4. Terms of Use:

SIONYX1403000041.0035

SAMSUNG EX. 1002 - 457/4148



:cc,ae

Figure 7. Noise equivalent power (NEP) as a function of modulation frequency for a Type III Si3.V4
microcantilever. Optical excitation at 785nm, utilizing bimetallic bending induced in a gold/chromium film.

Figure 6(B) shows that microcantilever response to optical input decreases rapidly for frequencies above 10 Hz, but
that mechanical resonance is still observed even at frequencies well above 10 kHz. In fact, the Type I and I! microcantilevers
exhibited strong optical resonance at frequencies of 17kHz and 14kHz, respectively; these modes correspond to the fundamental
transverse resonances for the microcantilevers. Such resonant response demonstrates that reversible heating and bending of the
cantilever occurs as a result of optical excitation, producing mechanical vibration. These resonances also have quality factors
that are identical to their mechanically-driven counterparts, confinning that optically-pumped mechanical vibration is occurring.

The rapid roll-off in response observed in Figure 6(B) is attributed to thermal equilibration of the cantilever at high
modulation frequencies. Because She cantilever must dissipate heat between laser pulses, the finite thermal conductivity of its
legs limits the rate at which heat from these thermal impulses can be transferred out of the microcantilever and into the support
structure (the chip); thus, as modulation frequency is increased and the microcantilever approaches thermal equilibrium, changes
in thermal stress as a function of time approach zero. Comparison of the response of the Type II and Type HI cantilevers
showed that the rectangular Type II microcantilever had a higher relative response at frequencies above 7.5 kHz. We believe
this is due to more effective thermal transfer for the rectangular geometry. Since the rectangular microcantilever does not have a
geometric restriction between the cantilever and the chip, transfer of thermal energy absorber! at the tip should be more rapid
than that for the triangular microcantilever, which has a large area tip suspended on relatively narrow legs. The direct route of
thermal transfer in the rectangular microcantilever appears to allow it to maintain a thermal differential at higher optical
modulation frequencies, and hence to continue responding to the time varying optical stimulus at frequencies well above those
practical with the triangular geometry.

In order to evaluate the role of optical reflectivity (or thermal absorptivity) on microcantilever response, a silicon
nitride microcantilever (the Type I specimen) was coated on one side with a thin layer of aluminum; note that the
manufacturer's gold/chromium film was removed prior to aluminum deposition. This produced a microcantilever that had a
nearly transparent body that was highly reflective to the pump laser on the aluminum coated side (reflectivity, R ~ 0.95 at
786 m), but slightly less reflective on the uncoated side (due to absorption of the pump radiation upon transmission through
the Si3 cantilever body). As expected, the resonant frequency of this cantilever was found to be 17 kHz. However, when the
uncoated side of the microcantilever was illuminated (reverse, geometry), the magnitude of tending response at all frequencies
increased by about 20% in comparison to normal illumination on the reflective side. We believe this difference is attributable
to increased absorption of the pump beam upon transmission through the Si3N4 material, resulting in more effective
transduction of optical energy into thermal heating of the microcantilever. While this simple experiment demonstrates that
sensitivity can be improved by increasing absorption of impinging optical radiation, it is obvious that to optimize the method
further suitable optically absorbing coatings are needed (such as carbon black, gold black, or other broadband absorbers).
Unfortunately, such materials were not available for this study.
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Photometric response was further characterized by measuring microcantilever response at various modulation
frequencies and optical pump levels (Figures 6 and 7, and Table I). For die Type III Si3N4 rnicrocantilcver, we estimate a

□
8

6 kHz

aoo USDties a® a®

Figssre
400Hz

S. Photometric response for a typical microrantiiewar (Type III) at various optical pump levels using excitation at 20Hz,
atsd 6kHz.

noise equivalent power (NEP) of 3.5nW/Hz at 2QHz, where NEP-ly^^/B^PfV^^}, is the background noise
level on the cantilever ever a lock-in amplifier bandwidth, B, of 0.26 Hz, and P is the incident optical power producing an
observed signal, ¥Jipw.. Specific detectivity, D*,  is equal to 3.6x10' cm-Hz^lW under these conditions, where

is the area of the detector element. Note that the characteristics of this initial,
unoptimized microcantilever compare quite favorably with some room temperature technologies currently under development,
including indium antimonide photoconductors (NEP~5nW at 500/fe)23, but are not yet competitive with silicon
microbolometers (NEP-SpW^Hz, NETD~4QmK at 30ffe)24 or pyroelectric devices (NEP = 8pW/Hz,
D*  = 3.5 xlO8 cm Hz!/2/W)Z5. However, in contrast to these highly optimized examples, several simple improvements to
our microcantilever system are obvious that could improve performance dramatically. For instance, since the metal coating on

Table I, photometric respossse at 785nns for a goldfchromium coated Si$Nt microcantilever (Type BI). Data at 6.02kHz was
obtained at the mechanical of the microcantilevcr.

Optical Modulation
Fregueney (biz)

DstectorTime Constant
-Ims)

KisfMi

feML.
NEP

(nw/VHz)
D*

(cffl+tz’W
6020 300 307.1 0.585 13.1 9.48 x10s

30 3S5J3 1.75 12.5 9.91 x 10*

1 306.5 9.4S 1Z3 1.01 x 1S7

400 3W 223.2 0.196 6.03 2.06 xIO7

30 221.1 0.691 6.78 1.83 xIO7

10 226.3 1.18 659 188x10’

20 300__________•528.2 0.266 3.46 3.53 x W?

the tested cantilevers is highly reflective al the pump wavelength (for gold, f?>98% at 785m»), use of an improved
absorptive coating (such as gold black, ff < 2%) could improve NEP in this example to <75pW. Furthermore, the observed 
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detection limits appear to be determined by readout noise in our optical detection circuit. We believe that with careful design of
this circuitry, performance could be substantially improved. Finally, response of the microcantilevers was extremely linear
(with a correlation coefficients, > 0.99995) for all but the highest test levels; roll-off in measured response for very high
laser modulation levels is an artifact of our method for modulating the pump laser, which exhibited a reduced depth of
modulation at high drive levels.

We have demonstrated that microcantilevers represent an important development in room temperature infrared detector
technology, and can be expected to provide the basis for considerable further development. For example, while the
microcantilevers employed here were optimized for standard AFM applications (and were in fact designed to minimize thermal
sensitivity), vastly improved detectors could be produced by making relatively simple changes in. the materials and geometries
used in rnicrocantilever fabrication. It is possible to design microcantilevers with much smaller force constants by varying the
geometry of the cantilever, and in contrast to the devices used in this study, cantilevers with force constants as small as
0.006 N /m are now commercially available. Since the fundamental mechanical resonance frequency of a microcantilever is
proportional to Vk, reductions in force constant can be used to bring resonance into ranges compatible with mechanical
chopping frequencies. It is also clear that the coatings applied to the cantilever are at least as important as the composition of
the cantilever itself. For example, high thermal expansion bimetallic coatings (such as films of Al, Zn, Pb, or In) could be
used to increase the thermally-induced bending of the cantilever. Coating the surface of the cantilever with high emissivity
materials (such as gold black) can also enhance IR response.

Since microcantilever spectral response can be easily tailored through the application of specific absorptive coatings,
choice of material for fabrication of the rnicrocantilever can be determined primarily by the requirements of the manufacturing
process. This means that microcantilevers can be fabricated using standard semiconductor methods and materials, and as a
consequence could be mass produced at very low cost. Hence, two-dimensional cantilever arrays based on the technology
described here could become very competitive with existing technologies due to their inherent simplicity, high sensitivity, and
rapid response to optical radiation. While the optical readout method is useful with single element designs, practical
implementation of microcantilever arrays may require the use of other readout methods, such as piezoresistance. Fortunately,
the rnicrocantilever technology’s compatibility with a variety of readout methods also affords tremendous flexibility to potential
system designers.

5. ACKNOWLEDGEMENTS

Research sponsored by U.S. Department of Energy under contract DE-AC05-96OR22464 with Lockheed Martin
Energy Research Corp. The authors wish to acknowledge the support of the ORNL Seed Money Program. The efforts of P.L
Oden were supported, in part, by an appointment to the Alexander Hollaender Distinguished Postdoctoral Fellowship Program
sponsored by the U.S. Department of Energy, Office of Health and Environmental Research, and administered by the Oak Ridge
Institute for Science and Education. P.G. Datskos wishes to acknowledge the support of the National Science Foundation under
the SBIR award DM2-9460929 to Consultec Scientific, Inc.

^REEE.RENCES

I. R .J. Kayes, Editor "Optical and Infrared Detectors,” Topics in Applied Physics, Volume 19, Springer Verlag Berlin
(1977).

2. P. Howard, J. Stevens, C. Rau, R.J. Heming, and R.A. Wood, Infrared Technology XXI, SPIE Vol. 2552-60, July 1995.
3. J.R, Bames, R.J. Stephenson, C.N. Woodburn, and M.E. Welland, Rev. Sci. Instum. , 65, 3793 (1994).
4. O. Nakabeppu, M. Chandrachood, Y. Wu, J. Lia, and A. Majumdar, Appl. Phys. Lett, 66, 694 (1995).
5. N. Umeda, S. Ishizaki, and H. Uwai, J. Vac. Sci. Technol, , 159, 1318 (1991).
6. M. Allegrini, C. Astoli, P. Baschieri. F. Dinneli, C. Frediani, A. Lio, and T. Mariani, Ultramicroscopy, 42-44, 371

(1992).
7. O. Marti, A. Ruf, M. Hipp, B. Bielefeldt, J. Colchero, and J. Mlynek, Ultramicroscopy, 42-44, 345 (1992).
8. J. Mertz, O. Marti, and J. Mylnek, Appl. Phys. Lett., 62, 2344 (1993).
9. J. K. Gimzewski, Ch. Gerber, E. Meyer, and R. R. Schlitter, Chern. Phys. Lett., 217, 589-594 (1994).
10. T. Thundat, R. J. Warmack, G. Y. Chen, and D. P. Allison, Appl. Phys. Lett., 64, 2894-2896 (1994).

SP!E Vol. 2744 / 353

from SPIi- Digits Library 13 Oct 2010 to 151.287,242.4, Terms of Use: h>tp://spjedtorg/term$

SIONYX1403000041.0038

SAMSUNG EX. 1002 - 460/4148



11. E. A. Wachter, T. Thundat, P. G. Datskos, P. I. Oden, S. L. Sharp, and R. J. Warmack, "Remote Infrared Detection
Using Microcantilevers", Rev. Sci. Instrum. (submitted).

12. G. Y. Chen, T. Thundat, E. A. Wachter, R. J. Warmack, "Adsorption-Induced Surface Stress and Its Effect on Resonance
Frequency of Microcantilevers,’' J. Appl. Phys., 77, 1 (1995).

13. P.G. Datskos, P.I. Oden, T. Thundat, E.A. Wachter, R.J. Warmack and S.R. Hunter, "A Micromechanical Temperature
Sensor’'. Appl. Phys. Lett, (submitted).

14. J. K. Gimzewski, Ch. Gerber, E. Meyer, and R. R. Schlitter, "Micromechanical Heat Sensor: Observation of a Chemical ■
Reaction, Photon and Electrical Heat Pulses", in Forces in Scanning Probe Methods, Proceeding of the Nato ASI, H.-J.
Guntherodt, D. Anselmetti, and E. Mayer (eds.) p. 123-131 (1995).

15. D. Sarid, Scanning Force Microscopy, Oxford University Press, New York, (1991).
16. “Investigations of the Reconstructed Gold Surface with Electrochemical Scanning Probe Microscopy" - PhD. dissertation,

Patrick Ian Oden, Arizona State Univesity Physics Department (1993).
17. P.I. Oden, N.J. Tao and S.M. Lindsay, Z Vac. Sci. Technol. 811(2), 137 (1993).
18. Commercial versions available through Digital Instruments, Santa Barbara, CA and Park Scientific, Sunnyvale, CA.
19. W. C. Young, Roark's Formulas for Stress and Strain, Sixth ed., McGraw Hill, New York, pp. 118 (1989).
20. M. Tortonese, R. C. Barrett, and C. F. Quate, Appl. Phys. Lett., 62, 834 (1993).
21. F. J. Giessibl and B. M. Trafas, Rev. Sci. Instrum., 65, 1923 (1994).
22. Oriel Co., Model 43402 AMUR-1 lens.
23. R, Anton, E.L Dereniak, and J. Garcia, Infrared Technology XXI, SPIE Vol. 2552, 592, July 1995.
24. N. Butler, R. Blackwell, R. Mutphy, R. Silva, and C. Marshall, Infrared Technology XXI, SPIE Vol. 2552. 583, July

1995.
25. S. Fujii, T. Kamada. S. Hayashi, Y. Tomita, R. Takayama, T. Hirao, T. Nakayama, and T. Deguchi, Infrared Technology

XXI, SPIE Vol. 2552, 612, My 1995.

3S4 I SPI£ Vol. 2744

from-SPIE Digital Library ert 13 Oct 2015 t© 151,2G7.242.4. Terms of Use:

SIONYX1403000041.0039

SAMSUNG EX. 1002 - 461/4148



R10

A BACK-ILLUMINATED MEGAPIXEL CMOS IMAGE SENSOR
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Imaging with a back-illuminated CMOS imager provides a number of advantages, especially as the pixel size
is reduced. These advantages include high (100%) fill-factor and increased quantum efficiency, efficient
implementation of antireflection coatings, improved angular response, availability of the traditional “frontside"
of the pixel to incorporate in-pixel processing circuits, and increased compatibility with the next generation
metals (e.g Cu) and low-k dielectrics.

In this paper, we present the test and characterization results for a back-illuminated megapixel CMOS
imager. The imager pixel consists of a standard junction photodiode coupled to a three transistor-per-pixel
switched source-follower readout [1]. The imager also consists of integrated timing and control and bias
generation circuits, and provides analog output. The analog column-scan circuits were implemented in such
a way that the Imager could be configured to run in off-chip correlated double-sampling (CDS) mode. The
imager was originally designed for normal front-iBuminated operation, and was fabricated in a commercially
available 0.5 pm triple-metal CMOS-lmager compatible process. For backside illumination, the imager was
thinned by etching away the substrate was etched away in a post-fabrication processing step.

Figure 1 shows the schematic cross-section of the back-illuminated CMOS APS. The device structure
consists of a low-doped (~ SxIo’Vcm3) epitaxial p-type silicon, with the photo-detecting junction formed by a
front-implanted n-well and the p-type epitaxial silicon. Photons enter the detector from the backside, and the
resultant photo-electrons are collected in the front-side p-nwell junction.

Pixels

Dielectric
layers

—.Other
Electronics

Unthinned
Substrate

(P+)

epitaxial silicon
(P-)

\ Chip pads
Metal

connectors

Surface
passivation Light In

Figure I: Schematic cross-section of the back-illuminated imager

The imager was thinned at art individual
die level using a frame-thinning
approach. Only the pixel area was
thinned down to ~ 7-10 pm thickness
(corresponding to epitaxial silicon
thickness), leaving a thick peripheral
region (- 1 mm wide). A surface
passivation step was then applied to the
thinned silicon layer.

The resultant structure provides
increased mechanical stability, a
significant ease of die handling, and
protection against wrinkling of the
thinned die. This approach is well-
suited for a CMOS imager, since the
imager consists not only of the pixels,
but the support and signal chain
electronics along the periphery of the
pixel array.

Backside thinning was carried out as follows. First, the front-side of the die is attached to a protective wax.
Then a protective frame on the backside was created through deposition and patterning of a SisN« mask.
The unmasked p*  silicon substrate (with doping - lx10,9/cm3) was then etched using hot KOH down to
within - 10 pm of the final silicon thickness. The remainder of the etching was earned out in
HF:HNOj:CHjCOOH solution (HNA etch) [2]. HNA etches silicon through a redox reaction where the silicon
oxidation rate is dependent on the doping concentration. Due to its doping concentration dependence, the
etch-rate significantly slows down when the silicon substrate is etched, leaving an optically flat thin (~ 10 pm
thick) epitaxial silicon layer. Following thinning, the front-side wax was removed, and the die was packaged
in a standard pin-grid array (PGA) package (with its central portion removed to let light in) using a standard
wire-bonding technique.
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Passivation of the etched silicon presents a unique challenge. After thinning, the interface trap density at the
unterminated silicon surface is unacceptably high, while a naturally formed native oxide (-20 “A thickness)

Figure 2: Photograph of the
thinned megapixel imager

causes the surface to become positively charged. Unwanted band-bending
and the presence of dangling bonds result in a loss of QE and abnormally
high dark currents, necessitating the use of post-metallization surface­
passivation steps. Unfortunately, any post-metallization process step Is
challenging, since due to the presence of front-side metal with low melting
point (~ 400*0),  no high temperature step can be used. Thus, boron
implantation and high-temperature furnace anneal is ruled out.

Self-passivation can achieved by controlling the HF concentration during the
final stages of etching that leaves behind a 30-50'A oxide. However, the
lack of a well-defined end-point of the etching process makes it difficult to
carry out reliable self-passivation of the etched silicon surface. To get
around this problem, some CCDs have used alternate passivation
techniques that include UV-flooding, flash gates (MBE deposited mono-layer
of metal), boron-doping followed by high-energy pulsed-laser anneal, and

low-pressure oxide deposition [3,4,5,6).

We have used a delta-doping technique for surface passivation (7). The technique consists of a low-
temperature molecular beam epitaxy (MBE) that places an extremely high density of dopant atoms (> 10u
Boron/cm*)  within a few atomic layers of the surface with no observable crystal defects and no requirement
for post-growth annealing, making it compatible with post-metallization processing. Delta-doping is carried
out under ultra-high vacuum conditions (1 O’10 torr) using electron-beam evaporation of elemental silicon and
thermal evaporation of elemental boron. The process steps are as follows. A 1 nm-thick p+ silicon layer was
grown first, followed by depositing -30% of a monolayer of boron atoms. 1.5 nm-thick capping layer of
epitaxial silicon was then grown. After removal from the MBE system, oxidation of the silicon capping layer
protects the buried delta-doped layer. Finally, the resultant optically flat surface allows easy deposition of
anti-reflection coating using deposited oxides and plasma-enhanced silicon nitrides.

Figure 3: Captured image with two back-thinned megapixel imagers

Figure 2 shows the die level picture of the back-thinned imager. The unthinned frame is dearly visible in the
picture. One of the advantages of the thinning approach described above is that the back-illuminated imager
is packaged using conventional padcaging techniques only.

Figure 3 shows captured images with two back-illuminated CMOS imagers. The problem with the first imager
is clearly visible in figure 3 (left). Following thinning, the imager developed crystallographic defects resulting
in the loss of one column and multiple imager rows. The second Imager showed no such problems, resulting
in an excellent quality image as shown in figure 3 (right). The circular aperture shown in the images
correspond to the opening that was cut in the PGA package to let light in.

Without delta-doping, the imager showed very high dark currents, and was virtually inoperable. After delta­
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Figure 4: Dark current distribution of the megapixel
imager before and after thinning
and 2.7x in red.

doping, however, the dark current was reduced
to normal levels. In fact, as shown in figure 4,
the modal dark current dropped below its original
value. The modal dark rate before thinning was
294 pA/cm2, and was reduced below 153
pA/cm2, indicating the efficacy of delta-doping
for trap interface trap passivation.

Figure 5 shows the measured quantum
efficiency (QE) of the CMOS imager, before and
after thinning. QE for the back-illuminated
CMOS imager is shown as square dots, while
the QEs for the same imager measured from the
front-side - before (triangles) and after thinning
(diamonds) - are shown in the same figure for
comparison. Figure 5 clearly indicates the
benefits of 100% fill-factor. Without any anti­
reflection coating added to the backside, QE
increased by a factor 2.6x in blue, 2.5x in green,

We have compared the measured back-illuminated QE against existing back-illuminated imager QE models .
[8,9]. Figure 6 shows the measured QE before and
after the application of anti-reflection coating. The
measured data is shown in dots, and the modeled
QE is shown as dashed lines. The data fits the
model with a surface recombination velocity of
6x10*  cm/s and an epitaxial silicon thickness of 7
pm. With reflection losses limiting the QE, it can be
seen from figure 6 that, except at shorter
wavelengths, the QE data without AR coating
agrees with the modeled QE very well. Figure 6 also
shows that with AR coating, QE increased to - 90%
in green, although the variance from the model is
larger, possibly indicating the need for improved AR
coating design.

A relatively fast drop off of the QE with increasing
wavelength Is indicative of the limited silicon
thickness (~ 7 urn) in the imaging area. In addition,
since the imager was not originally designed for
back-illumination, it did not have sufficient metal
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Figure 5: Measured QB of the megapixel imager -
comparison between back and front illumination
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Figure 6: Modeled QE - before and after AR coating

covering over the front-side of the pixel.
As a result, the imager shows reduced
red response due to a diminished optical
collection of longer wavelength light.
However, the QE in the red region is
sufficient for consumer imaging
applications.

White modulation transfer function (MTF)
has not boon measured yet, certain
observations about the diffusion cross­
talk between pixels can be made. Figure
7 shows that the modeled 1-D dopant
concentration from the backside surface
(origin) to the frontside nwell area. The
p-substrate doping is - 1xl07/pm3, the
epl-doping Is 3x1 Cr/pm3, and the n-well
doping is - 6x10*/pm 3.
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As a result of high-temperature steps that a
wafer undergoes during a typical CMOS
fabrication process, an abrupt boundary
between the p*-substrate  and the p-epitaxial
region no longer exists. It can be seen from
figure 7 that the doping concentration gradient
extends as much as 4 pm into the epitaxial
region from the backside. On the other hand,
the depletion region between the n-well and the
p-epitaxial region extends - 2 pm below the n-
well Junction. The presence of the depletion
region and the doping gradient creates an
electric field to drive the electrons from the
backside to the collecting n-well junction.
Therefore, the imager is be expected to provide
low diffusion cross-talk even to photoelectrons
created by short wavelength (blue) light.

For measuring noise, the megapixel imager was operated in CDS mode. Off-chip CDS was implemented by
using a 4-point sampling method, where both reset
and signal levels were acquired differentially. A low
modal noise of - 8 electrons was measured at
room temperature, both before and after thinning,
with no noticeable degradation in the spatial
distribution of noise.

Table 1 shows the summary of performance for the
megapixel imager operated both under front- and
back-illumination. It indicates that thinning and
back-illumination has expectedly increased the QE
without introducing any unwanted performance
degradation.

in conclusion, we have demonstrated a back-

wooo
beferMhto
■artoMiih

0 5 to -15 20 25 30 35 40 45 50

illuminated CMOS Imager with high QE by using a Noise (e)

successful backside thinning and MBE-based Hgure g; Measured noise histogram
surface passivation process. The main
disadvantages of the thinning process are the absence of proper etch-stop required for accurate and reliable
thinning, and the use of MBE for surface passivation, posing problems for wafer-level thinning and

Table 1: Performance comparison
Characteristics Front-Ilium.

(no thinning)
Back-

illumination
Format 1024x1024 1024x1024
Pixel Pitch 8 Jim 8pm
QE @ 550 nm 25% 80%
Mean dark rate @ 296K 294 pA/cm* 153 pA/cn?
Modal read noise @ 2 MHz 7.6 e 8.2 e
PRNU@ 1/3 full-well <1% <1%
Signal handling capacity 200 ke 200 ke'

manufacturable back-illuminated imager
implementation. Our on-going work will
solve these two problems soon.
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PROBLEMS of SMALL PIXEL
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Stack-height + Obscuration

Telecentricity
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DETECTIVE QE (MODIFIED)
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P
Increase QE (QE >= 100)

Reduce Noise (NR=0)= QE-
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FRONT-SIDE ILD MODIFICATION

THINNER FRONT-END
PJ

Al Process Cu Process

Process Complexities
Basic Problems remain

LIGHTPIPE APPROACH
14]

Difficulties in material selection

BACK-ILLUMINATION

8

• 4
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BACK-ILLUMINATION: A SOLUTION

\ FRONT / \ BACK z
\ / V. z

UgN Absorption Poihl

?z bmi(inS \ifttsrotenf

Boosted'

Substrata-

500 urn
SOOpffi

-S&con-
Substrata

ef&Si

epi-Si

5 pm,

aswacwrjiwuuitiuiiii

• High Sensitivity and quantum
efficiency

100 % fill-factor

* Excellent X-talk and Angular
Response

'Canyon*  effect eliminated
No obscuration
Spurious reflections eliminated

• Efficient microlens and anti­
reflection coating

Planar surface

•Advanced pixel processing
Dynamic range expansion
Global shutter
Gain ranging
Low noise

•Compatibility with next generation
dielectrics and metals

ata* 9

CROSS-SECTION

•Collection much closer to microlens
•No Obscuration
•Supports larger numerical aperture

BSW3SOP ffyinpnnlmm

• 5
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BACK TO MAXWELL

Plenty of optical energy leakage due to pixel dimension, vrave4Wcts,;CFA

FDTD simulation of energy coupling

n

o

G B G

G R G

OPTICAL ADVANTAGE
OpHcal.COuplIng Into Silicon for 1.75 pm.pixei

Front Illumination (TETTM) Back Illumination (TE/TM)1III
' 21%: . ‘ 20% : . * 78% I ' ‘74% • -

£ : ■ ■ • ' ■: : . : r • ■ ; •.

Almost 3x Improvement at F 2.0
aawsawiriiwiiiiim jj
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QE & OPTICAL CROSS-TALK

•QE goes down and Cross-talk goes up
•QE loss due energy spread via E-M field propagation
•Front-side QE also limited by imperfect AR coating

BACK-THINNING ISSUES

Manufacturable + Wafer-level Processing + Good device performance

* Accurately thinning 700 pm substrate with <50 A® surface roughness
o tApprppfiate.el^fop

* Backside passivation
* H old exposed surface in accumulation

• Device support (during and after thinning)
=> Attachment of support wafers - must allow post-processing

* Packaging
Where do pads come out from? Wire-bond or CSP?

• AR coating, Color, Microlens
* AJignmentfeai
o Stack issues

- Diffusion Cross-talk Control
o Field-shaping implants
=> Back-surface gradients

H

• 7
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PASSIVATION OF EXPOSED SURFACE

Band Diagram

PASSIVATION PROBLEM:
•Exposed Si-SiOj Interface quality is poor

- high trap density, potential pocket
due to band-bending

- loss of blue QE and high dark current

SiO,

Surface accumulation

Potential pocket due to
positive charge in
native oxide + interface

15

BACKSIDE TREATMENT

•Implant + RTA Anneal
- Cannot be used due to the presence of metals

• Implant + Laser Anneal p.rj
- PRNU, Dark current

'Delta-doping: few monolayers of boron added by MBE
to the back surface pj

- Excellent results, but non-standard process
'Flash gate: deposited oxide + UVflooding p, ioj

- Outgassing, Long-term stability

'Back-gate: deposited oxide + Silver capping [nj
- Non-desirable metal; AR coating issues

* Back-gate: deposited oxide + ITO gate
- Process Control; AR coating issues
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FABRICATION STEPS

SOI TO THE RESCUE

Thin silicon layer: 200 nm

Pixels

'TWclt Sfflfcdti Su tistratt

mdoul/ADC

Interconnects

Pixels In handle wafer

Small Pixels [uj

Thick silicon layer: 3*10  pm

NIR enhanced Imager [izj
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SOI IMAGER FABRICATION

(13. UJ

tit

«K

MntiMiiron»(OJ|uaaat*>

* Provides mechanical support
* Bonding process/material must be back-end compatible

MMlWi
19

Spja

Sjim* * *

• SOI wafer with thick device layer 2-10 pm)

• Imager-compatible bulk-CMOS process

SOI IMAGER FABRICATION

Support
wafer

attachment

Wafer Backside —ft Pad
thinning coating Opening

^,7.-

Sjtflt.

Low Temperature bonding

lisj
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THINNING

31

• Wafer-level thinning
• Natural hlgh-selectivtty (SI-SIO2) etch-stop

Chemical Etch
• Hot KOH/TMAH wet-etch
• RIEwithSFj
• XeF2 vapor-phase

‘1tel
wffi1 

-I

• 'fill

f1.ten!

CaposttoiesMa

Hanartsedaddc

saoiiwift*  .. - J \ ;

• Buried oxide made by thermal oxidation
• Pre-Implanted region for passivation
• Self-passivation: surface never exposed

.- KOH SF,

Loed <20 A <50QA <2CA

<200A 3CXMA <40

BACK-to-FRONT ALIGNMENT

ARC

Exposed metal holds alignment keys

22
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MwMrtHNtaKMa
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PAD OPENING

—^.Bonding Pads BSSSgL^

_____ See-through JBgBjjjL
glass wafer |WJ|M

Opened Pads

BtpKttKiadfe

*S*  -»** '’*« — —. Mstal trees (O gm thick)
KHMrtttdttdd*  OOjtf#
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THE CROSS-SECTION

Handle Silicon

BOX

V

' ILD

•MO
[14.17]

24

&jj Device Silicon: 3.3 jam

■■■

frmlWtai. . , ffiJ®***

: T*
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ALTERNATE INTEGRATION SCHEME

“~W=
  A.

Deep siticon via formation

1' '
’S

Support Wafer + Thinning

SUIcoi Hariita Wafer,

Finish metallization

[17.18]

♦Through silicon viaformed at the
first metalizatfon step

•Liner oxide for Isolation
•Serves as aligriment key for CFA/ML

aaaanmanuawaa

J=L

ALTERNATE INTEGRATION SCHEME

pan

i£ 

Silicon Handle Wafer

Final Cross-section
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POSSIBLE EVOLUTION

ISPpixel arrayISP

3

timmy »mw <x>t^

(16]

1“ Generation
Through Silicon Contacts for wirebonds
Pixel optimization

3rd Generation
Only pixel in wafer - best peformance
SOC Integration

2“> Generation
Higher Dynamic Range - In-pbsel Cap
Better Z-height - WIXSP

mwa»» ITunniiy ualmini 27

PERFORMANCE

28
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COLOR BIS IMAGER

Back-illuminated 1.75 jun Color Picture
[I?]

»

PERFORMANCE IMPROVEMENT

Median luminance = 690 lux for D65

M

• 15

-.i&iaa

2.5x increase in Sensitivity for 2.2 gm pixel
<fr Dark current & Full-well about the same
<fr Angular response improves by 5x

Electrical cross-talk worse
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QUANTUM EFFICIENCY
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Medium B AR J
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• Surface Boron is an effective tool to Improve QE
• Blue QE affected by boron content at the surface [14]

• For color Imager: 20% loss going through CFA and OCL

WELL BEHAVED DARK CURRENT

[14]
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Front Btuminated Nitride cover S3

Back surface Boron Nitride + H2 anneal Dark Current (e/sec}

Minimum None 8000

Small Nene 419

Small Yes 133

Medium Yes 57

High Yes 76
aSW»C*fr|winiiliiim
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 ANGULAR RESPONSE
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Slight increase in relative angular response Is due to optical path difference
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•s tss
• Simulated Nominal Back doping j

gradient and electric field s
• Back-field drives minority carriers S

towards front ”
• Back-field suppresses Cross-talk
• Proper doping gradient is

extremely important '
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RTS NOISE REDUCTION

Cjh - 1.5 pF; G9~ 45 pV/e; = 3 pA
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• Source follower as the main source of RTS
• Both modal noise and noise spread is reduced by length increase
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MANUFACTURABILITY
ISSUES
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SUPPORT WAFER BONDING

wir!

Alternate schemes?
37

Passes die-level thermo-mechanical tests (thermal shocks and
temperature cycles)

Acoustic micrograph of low-temperature owde-aride bonded
support wafer (courtesy Zptronix, Inc): No voids

"PEEL OFF"

Sawing Process optimization
prevent delamination

EDGE EXCLUSION

Optimization of bonding and grinding
process to eliminate edge-cracking
during subsequent processing

as
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Back illumination

Front illumination

39

THE THREE THINGS...
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Par*  * V<

• Excellent AR stack can be achieved with SiN/SiO layers
• Need to ensure that angular response Is acceptable
• BOX not the ideal-choice for 1“ AR layer

AR STACK OPTIMIZATION
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DARK CURRENT with AR STACK
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BOX etching does not increase dark current, if done right!
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Correct gradient: sharper the better
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•Boron needed to pasSvate Interface states
• Boron gradientneeds to be optimized
• Boibn begregatton Is toe source of problems
•N-type sufctrateis preferable ' ‘
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CROSS-TALK TRADE-OFF

3

• Diode doping profile engineering for
deeper field penetration

• Optimize silicon thickness
• "Clean-up' back surface: Boron

segregation could be a problem ■.; <
• Modify CFA?
• Modify mfarolens
• Optimize AR stack

MOVING FORWARD (in lieu of conclusion)

Cost - how low can you go?
Special SOI wafer needed?
Will SOI wafer become cheaper and have shorter tum-around time?
Where are the yield and reliability “gotchas"?

Performance
SOI wafer quality? Will lack of gettering be an issue?

Alternate Support Wafer Attachment
Need for an alternative to LT-bondlng? Alternate support materials?

Appropriate Optical Stack
What materials for AR stack?
Alternate CFA?

Improving Cross-talk
Boron segregation - N-type material?
Alternate diode profiles and barrier implants? Deep benches?
Alternate dielectric for improved passivation? ITO?

Packaging
Chtp-on-board (COB) or Chlp-scale-packaglng (CSP) or wafer scale (WSP)?

• 22
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CIGSSe thin film PV modules: from fundamental investigations to
advanced performance and stability
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Abstract

A process for high efficiency large area Cu(In,Ga)(Se,S)2 (CIGSSe) thin film solar modules is developed applying rapid
thermal processing and controlled sodium doping. Continuous optimization aims at sufficient process maturity for a successful
transfer into cost-effective mass production. The pilot line yields aperture area efficiencies of 11% (average) for 30X30 cm2
modules and a certified champion efficiency of 13.1% for the first 60X90 cm2 demonstrator module (unencapsulated). First Cd-
free 30X30 cm2 circuits yield up to 11.9% efficiency applying CBD-Zn(S,OH)-buffer layers. Investigations on the absorber
formation by structural, compositional and electrical characterization will be given. Models for the Ga and S distribution will be
discussed and experimentally verified. A favorable double band gap grading structure is accomplished by controlled sulfur
profiling and by a process induced gallium accumulation towards the back electrode. The stability of the frameless low-cost
packaged pilot line modules against humidity is confirmed externally by passing the damp heat test sequence according to IEC
61646.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Cu(In,Ga)(Se,S)2; Cu(In,Ga)Se2; Sulfurization; Cd-free buffer; Damp heat stability

1. Introduction

Thin film solar cells based on chalcopyrite semicon­
ductors have reached a high level of performance over
the last few years both for laboratory scale cells and
commercial products [1]. Since 1998, a first generation
of CIS modules is commercialized by Siemens Solar
(now Shell Solar). Over the past years we have also
developed a second generation process for CIS forma­
tion based on a rapid two-step process: deposition of
Na-enriched precursor materials at room temperature on
barrier-coated float glass substrates is followed by rapid
thermal processing (SEL-RTP, stacked elemental layer
rapid thermal processing). Three critical issues are prop­
erly addressed by this concept: First, by conducting the
deposition process at room temperature, proven standard
processes such as magnetron sputtering can be applied.
Second, Na doping is controlled independently on glass
properties or crystal growth temperatures by using a
diffusion barrier and adding a dopant compound to the 

precursor layer. Sodium control is critical for the overall
device performance, for lateral homogeneity and for
film adhesion. Third, by minimizing the thermal budget
for CIS formation at high temperature the processing
cycle times are strongly reduced allowing for true inline
concepts and high throughput. The feasibility of this
concept has been demonstrated in the past on a labora­
tory scale by high efficiency mini modules with 14.7%
champion conversion efficiency [2], The up-scaling from
10X10 to 60X90 cm2 substrate size has been success­
fully accomplished in the past 2 years by demonstrating
average efficiencies of 11% on 30X30 cm2 modules
with CIGSSe absorbers selenized and sulfurized on
60X90 cm2 substrates [3,4]. Now the development
efforts focus on improving the module efficiency,
demanding a detailed understanding of the absorber
formation and of the impact of significant processing
parameters. Alloying the CuInSe2 chalcopyrite with Ga
and S is known to increase the efficiency by widening
the band gap towards the optimum values of 1.4 eV [5].
The incorporation of Ga and S in the SEL-RTP process
and its impact on device performance is investigated in
this publication. The optimized process results in E-mail address: joerg.palm@shell.com (J. Palm).
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increased module efficiency due to improved open
circuit voltage and fill factor. Excellent 7-V-character-
i sties for the first 60X90 cm2 large demonstrator mod­
ules have been obtained. Product oriented PV
development demands high starting efficiencies and
long-term module stability to ensure a cost-effective
product at a long lifetime. The results of module
stabilization improvements are documented by standard
accelerated stress testing. Accounting for the importance
of environmental aspects and for strong customer accep­
tance, the first Cd-free 30X30 cm2 modules were
developed yielding efficiencies comparable to the CdS-
containing devices.

2. Experimental details

2.1. Pilot line process

The SEL-RTP pilot line process (Fig. 1) has been
presented previously in detail [3,4], In order to achieve
low-cost thin film modules float glass substrates are
used. For reproducibility in substrate surface conditions
and in alkali doping, silicon nitride is deposited as an
alkali-barrier layer on top of the float glass surface.
Controlled sodium doping is a key feature of the SEL-
RTP-process: the application of a barrier layer enables
a well-defined Na dosage prior to the absorber formation
process [4,6]. The deposition of all precursor layers is
performed in a modified vertical in-line sputter coater.
The back electrode (Mo), the Na dopant compound and
several alternating layers of Cu (85%) + Ga (15%) and
In are deposited by DC magnetron sputtering. The Se
layer is deposited on top by thermal evaporation through
a linear source. Selenization and sulfurization is per­
formed in a custom built large area RTP reactor [2,3].
The total IR-power density of the furnace is sufficient
to allow heating rates of 10 °C/s on 3-mm-thick glass
substrates. No cracking or warping of substrates has
been observed. Sulfurization is performed by adding a
sulfur containing gas into the reaction chamber. The
reaction chamber has a minimized volume to ensure

Pfeafgftesl Alkali Barker

Thin film edge deletion at the
perimeter of the substrate

Cwwgkss
P2P3 Polymer

Fig. 2. Schematic cross-section of the module.

high Se- and S-partial pressure. The CdS buffer layer is
deposited by a chemical bath deposition (CBD) process
using the decomposition of thiourea. The ZnO deposi­
tion is performed in a commercial glass coater using
magnetron sputtering from ceramic targets. A thin layer
(~75 nm) of i-ZnO is deposited by r.f.-magnetron
sputtering from an undoped ceramic target. Subsequent­
ly, a 600-800-nm-thick n-type ZnO layer is deposited
by DC magnetron sputtering from a ZnO-Al2O3 target.
The patterning of Mo (Pl) uses a pulsed laser operating
in the near-infrared. Mechanical scribing is applied for
patterning of absorber (P2) and ZnO (P3). All process
steps from substrate wash to absorber formation are
performed on 60X90 cm2 substrates. The subsequent
module processing steps from CdS to contacting and
encapsulation are usually performed on 30X30 cm2
format. The Munich pilot line is also capable of 60 X 90
cm2 demonstrator module processing on a limited vol­
ume. Exception is the ZnO-frontelectrode—which is
deposited at the Camarillo production site using a
metalorganic chemical vapour deposition (MO-CVD)
process.

A schematic cross-section of the module is given in
Fig. 2, displaying layer sequence, integrated series con­
nection and packaging. A low-cost frameless glass­
glass package is used. Before lamination of a coverglass
to the circuit substrate, thin film edge deletion and
contacting are performed.

st i.J' ..5 t kmental Layer Process

I. Mo 2. Pattern 1 5. Na-compound 4, RTi’-CKiS 5. CdS-Dip
Laser and Cu(Ga Div'Se formation

ll.Encaps. 10. Contact. 9. Dice 8. Pattern 3 7. ZnO 6. Pattern 2
mechanics.! mechanical

Fig. 1. Process scheme for CIGS-modules with monolithic integration of series connected cells.
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Fig. 3. SIMS profile of Ga and Mo for an SEL-RTP CIGSSe absorber
for two different process times at maximum temperature.

2.2. Experiments

For investigation purposes the RTP process was mod­
ified using different temperature/time and gas profiles.
The processed CIGSSe absorbers were analyzed by
several techniques. X-ray fluorescence (XRFA) was
carried out using a wavelength dispersive spectrometer.
For the analysis of our multi-layer structures a fit
program was used that takes into account the re-absorp-
tion of emitted X-rays. X-ray photoelectron spectroscopy
(XPS) was done using Al Ka excitation and an argon
ion sputter beam. Secondary ion mass spectroscopy
(SIMS) was carried out using a Cs-ion sputter beam
detecting the CsX molecules (X = Mo, Ga, Cu, S, Se).
Current--volt age (/-V) measurements were performed
on a constant light source solar simulator at standard
test conditions (25 °C, AMI.5).

3. Results and discussion

3.1. Gallium depth profile

Fig. 3 shows a SIMS depth profile of Ga and Mo: at
the front no Ga is observed. The profile rises in the
second half of the absorber peaking at the onset of the
Mo signal. The second Ga profile was obtained by
extending the phase of maximum temperature of the
RTP process. The profile is broadened and the half-
maximum-value has shifted towards the top. The accu­
mulation of Ga is typically observed for the two-step
process absorbers [2,7,8].

Applying the results of recent work on in situ inves­
tigations of the selenization of Cu-In-Ga precursors
[9,10], the Ga distribution can now be well understood.
Using in situ XRD, Brummer et al. [9] identified the
following synthesis route for CIGS: beside In and
Culn2 the precursor contains mostly Cuu(In,Ga)9 when
prepared by magnetron sputtering. Above the Se melting
point (220 °C) Cu11(In,Ga)9 decomposes forming
In4Se3, Cu2_xSe and CuSe. The rest of Cun(In,Ga)9 

converts at approximately 310 °C into Cu16(In,Ga)9.
When Cu16(In,Ga)9 is consumed, rapid decomposition
of CuSe and In4Se3 occurs and InSe and Cu2_xSe form.
InSe and Cu2 xSe are the direct binary precursor phases
from which CuInSe2 forms above 370 °C. With respect
to Ga, the following observations were made: (1) No
gallium selenide phases are observed by in situ X-ray
diffraction. Ga selenization is kinetically impeded (see
also Ref. [11]). (2) The lattice parameters of the direct
precursors Cu2_xSe and InSe of the CIS formation give
no indication that significant amounts of gallium are
located within these structures. (3) After formation of
the quaternary precursors a separate gallium rich phase
of composition CuIn04Ga06Se2 is located below the
pure CTS-phase.

Apparently Ga is driven towards the back during fast
formation of Cu- and In-selenides. Ga is consumed only
in the crystallization of a second Ga-rich CIGS phase.
The crystallization front progresses from the top of the
precursor that is in direct contact to Se towards the back
electrode [10]. This process results in the double layer
structure of well crystallized CIS on top of a Ga rich
fine-grained CIGS layer in contact with the back elec­
trode [2]. Extended annealing at elevated temperatures
(Fig. 3) leads to Ga diffusion from the bottom to the
top (as in Ref. [8]): the initial—kinetically induced
distribution—changes to a thermodynamically preferred
one.

3.2. Sulfur profile controlling

Fig. 4 shows SIMS profiles of sulfur in the first 0.5
pm of the absorber thickness for three different pro­
cesses: (I) sulfur was present during the ramp phase to
a maximum temperature of below 550 °C and during
the maximum temperature plateau (process ‘R&P’); (II)
sulfur was present only at the Tmax-plateau (process
‘P’); (HI) the sulfur containing process ambient gas was
present during the ramp phase, but diluted after reaching
the plateau (process ‘R’). Processes ‘R&P’ and ‘P’
result in a high surface concentration of sulfur. XPS
depth profiles of the ratio of the S 2s and Se 3d line
intensities confinn the relative differences, see Fig. 5.

1500 ■

1250 ■
WOO
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500

250

0
0.0 0.1 0.2 0.3 0.4 0.5

Depth (pm)

Fig. 4. SIMS profile of sulfur in CIGSSe absorbers as a result of sulfur
containing process gas introduced at different states of RTP
selenization/sulfurization.
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Fig. 5. XPS-profiles of the S(2s)/Se(3d) intensity ratio from the
CIGSSe-surfaces for the same processes as in Fig. 4
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Fig. 7. SIMS profile of Mo, Ga, S, Se and Cu, normalized to the
maximum values (process ‘R&P’).

Processes ‘R&P’ and ‘R’, on the other hand, result in
higher bulk concentrations. The ramp phase, hence, is
critical for an efficient sulfurization of the bulk, whereas
the plateau phase is critical for a high surface concen­
tration. Fig. 6 shows that in processes ‘R&P’ the total
S and Se concentrations increase with the CIG ratio
Cu/(In + Ga).

The increased S incorporation for stoichiometric or
Cu-rich CIGS absorbers was observed previously
[12,13]. Basol et al. [12] assume enhanced diffusion in
the presence of liquid Cu-(SeS) phases. Titus et al. [13]
explain the increased S incorporation with fast diffusion
of S in Cu2Se. Brummer et al. [9] observe by in situ-
XRD that the Cu2Se phase transforms with InSe into
Cu(In,Ga)Se2 above 380 °C. The fraction of remaining
Cu2Se hence depends on the state of selenization.
Accordingly, Tanaka et al. [14] have observed that the
S content can be optimized with increasing temperature
difference between selenization (by II2Se) and sulfuri­
zation (by H2S). Hence, all results are in agreement
with the model that S incorporation is more efficient in
the ramp phase because sulfur can rapidly diffuse 

through residual Cu2_xSe phases. The incorporation and
diffusion through the selenized CIGS chalcopyrite
appears to be slower. Engelmann et al. [15] presented a
model that takes into account the formation of a sulfur-
rich surface layer through exchange of Se with S and
the diffusion into the bulk. The profiles for ‘R&P’ and
‘P’ can be superposed by subtracting a constant offset
from profile ‘R&P’.

Fig. 7 presents SIMS profiles of Mo, Cu, Ga, S and
Se from top to bottom, normalized to their maximum
values each. The intensities of S and Se rise towards
the Mo back electrode, peaking at the half of maximum
value of Mo. The profiles indicate that Mo, S and Se
form a Mo-sulfoselenide intermediate layer between Mo
and CIGSSe. SEM [4], SEM-EDX [3] and XRD [16]
prove the existence of Mo(S,Se)2. Fig. 8 shows the
sulfur and selenium SIMS profiles in a semilogarithmic
plot for two different CIG ratios: the excess Se + S>
50% measured by XRFA for higher CIG ratios obviously
is incorporated within this layer.
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Fig. 6. Atomic concentration of Se (left axis) and S (right axis) for
process ‘R&P’ as obtained from XRFA.

Fig. 8. SIMS profile of S and Se (semilogarithmic scale) for two
different CIG ratios (process ‘R&P’).
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Table 1
I-V data of 30X30 cm2 circuits with absorbers from different RTP processes

Process type n
(%) (mV)

J SC

(mA/cm2)
FF
(%)

S in T-ramp and Tmax-plateau (‘R&P’) 11.0 531 31.9 65
S in Tmax-plateau (‘P’) 11.0 509 33.3 65
S in T-ramp (‘R’) 9.2 488 32.2 59
Current optimum 11.9 543 32.8 67

3.3. Impact of S- and Ga-profiles on I-V-characteristics

Band gap widening through alloying with Ga and S
is known to improve the efficiency of CIS based solar
cells and modules [5]. In the SEL-RTP process Ga
improves Voc, but no Ga is found in the depletion region
at the front. The Ga accumulation in the back acts as a
back surface field. Sulfur is present at the interface and
in the depletion region (Fig. 7). The comparison of I-
V data (Table 1) of process ‘R&P’ and ‘R’ reveals a
strong improvement of fill factor and open circuit
voltage with increased sulfur concentration at the front
contact, in agreement with previous results [2,14],
through the increase of band gap in the depletion region
and the passivation of defects. The comparison of
process ‘P’ and ‘R&P’ reveals that a slightly lower
sulfur concentration within the depletion region (process
‘P’) results in a decrease of voltage (20 mV). The lower
sulfur concentration in the bulk increases absorption and
results in an increase of short circuit current (1.4 mA/
cm2). The SEL-RTP process results in double band gap
grading. Further optimization of the process is in pro­
gress. The current state of the art is 11.9% (best value)
and 11.4 + 0.4% (average) across six modules 30X30
cm2 of the same RTP run (60X90 cm2).

3.4. Pilot line circuits: performance

The pilot line circuit efficiency on 30X30 cm2 large
substrates is shown in Fig. 9 yielding an average 

» Efficiency
— Mean Efficiency
— 3 Sigma bottom
"" 3 Sigma top

Circuit Identifier

Fig. 9. Pilot line efficiency process control chart of 30X30 cm2 large
unencapsulated modules: average aperture area efficiency at 11%.

efficiency of close to 11%. A CBD-CdS/sputter i-ZnO/
ZnO:Al window layer was applied. Fig. 10 illustrates
the efficiencies of the six 30X30 cm2 modules of a
single selenization and sulfurization run (recent optimi­
zation, not included in Fig. 9). The average efficiency
is 11.4% with a champion value of 11.9%.

3.5. Pilot line glass—glass packaged modules: damp
heat stability

In view of a future module qualification according to
IEC 61646 accelerated stress testing is being performed.
As it is well known that thin film circuits without
packaging may be susceptible to humidity at elevated
temperature the main focus is put on damp heat stability
of frameless glass-glass packaged modules from the
pilot line. Internal damp heat test results of those 30 X 30
cm2 modules (Fig. 11) demonstrate power losses signif­
icantly less than the accepted 5% over 1000 h at 85 °C,
85% relative humidity.

In addition to the internal climate test another two
30X30 cm2 sized pilot line modules were tested at the
external test center TUV Immissionsschutz und Energie-
systeme GmbH. These tests as well as the internal tests
were performed according to the damp heat part of the
international standard IEC 61646 as far as this qualifi­
cation norm for thin film modules is applicable to CIS
modules.

Beforehand the modules were power stabilized by
two successive annealing cycles (subject to the regula­
tions of IEC 61646, test 10.19). No test sample showed
major visual defects after the test. After 1000 h of damp
heat according to test 10.13 of TEC 61646 and after 1

Fig. 10. Efficiencies of six 30X30 cm2 circuits of a single RTP run.
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Fig. 11. SEL-RTP-processed CIGSSe 30X30 cm2 large modules pass damp heat test according to EEC 61646 with low-cost glass- glass package.

h of additional light soaking at 1 sun the power loss
compared to the initial stabilized values amounted to
— 3.2 and —1.7%. These values are within the accep­
tance limit of —5% given by IEC 61646 and hence it
is confirmed by TUV that the damp heat test sequence
is passed successfully with the low-cost glass-glass
package as described above.

3.6. Cd-free 30X30 cm2 circuits

In order to replace the toxic CdS buffer layer by an
alternative buffer, free of heavy metals, Zn(S,OH) com­
pound buffer layers were applied to the device structure.
Such buffer layers were fabricated by CBD, as previ­
ously demonstrated by other research groups [17-19].
We used a chemical bath formed by zinc acetate and
ammonia and thiourea as sulfide source. The depositions
were performed in our custom made CBD equipment at
70 °C, while continuously filtering the solution and
applying ultrasonic agitation 4 of the bath [20]. Such
processing is necessary to prevent Zn(S,OH) agglom­
erates—formed inevitably during the deposition pro­
cess—from incorporation in or onto the growing film,
so that uniform coatings of the CIGSSe absorbers are
reached. The CBD process was followed by vacuum
annealing of the devices, to completely dry the film and
to transform zinc hydroxide species into oxide [21], The

Table 2
I-V data of CIGSSe-based circuits measured at AMI.5 at 25 °C with
a constant light solar simulator after 30 min light soaking

Buffer T| (%) Voc (mV) Zsc (mA/cm2) FF (%)

Zn(S,OH) best module 11.9 519 35.1 65.4
Zn(S,OH) average of 4 11.7 523 34.6 64.8
CdS reference* 12.3 537 34.5 66.3

device structure was completed by MO-CVD of the
ZnO front electrode.

The I-V data of the 30 X 30 cm2 unencapsulated
modules with Zn(S,OH) and CdS buffer layer are given
in Table 2. Note that all samples belong to the same
60X90 cm2 mother plate (same RTP run). Fig. 12
shows the I-V characteristics of the best circuit. Effi­
ciency data with and without light soaking prior to the
measurement differ just by 1 % relative, indicating low
transient effects. The results already demonstrate that
the Zn(S,OH) compound layer is indeed a promising
alternative buffer for CdS replacement.

3.7. First demonstrator modules on 60 X 90 cm2

Recently, the very first unencapsulated modules based
on 60X90 cm2 processed SEL-RTP CIGSSe absorbers
were processed. For that purpose the 30X30 cm2 proc-

0.08

g 0.06o
0.04

« 0.02
&

2 0h-o
-0.04

(30x30 crr7 circuit w rth
46 cefe, aperture area
= 727.3 crtf)

VfK/cell = 519 mV
J,- = 35.1 rrA/crr?
FF = 65,4%
n= 11.9%

-15 -5 5 15 25 35
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Fig. 12. IV characteristic of the best CIGSSe-based circuit with
Zn(S,OH) buffer layer.
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Table 3
Certified Z-V-characteristics of the champion 60 X 90 cm2 circuit proc­
essed by SEL-RTP

Parameter Value

Maximum output power (W) 64.8
Maximum power voltage (V) 41.2
Maximum power current (A) 1.57
Open circuit voltage (V) 54.6
Short circuit current (A) 1.78
Fill factor (%) 66.7
Module aperture efficiency (%) 13.1
Aperture area (cm2) 4938
Number of cells 98

essing capability of the CBD-CdS dip was extended by
a single plate thin liquid film CBD processor for
horizontally oriented processing of the 60X90 cm2
substrates. A continuous flow of a filtered CBD solution
and an additional substrate heating from the bottom was
included. For the transparent front electrode a MO-CVD
ZnO layer was deposited at the Shell Solar production
site in Camarillo, CA. The circuits were finished in
Munich by insulation cut P3, edge deletion and contact­
ing. Table 3 summarizes the best circuit (unencapsulat­
ed) certified performance data at standard test conditions
(25 °C cell temperature, 1000 W/cm2 irradiance, spec­
tral irradiance distribution according to IEC 60904-3).
The certified measurement was performed also by TUV
Immissionsschutz und Energiesysteme GmbH (Cologne,
Germany).

4. Summary and conclusions

The pilot line yields aperture area efficiencies of 11 %
(average) for 30X30 cm2 modules and a certified
champion efficiency of 13.1% for the first 60X90 cm2
demonstrator module (unencapsulated). This improve­
ment would not have been possible without further
understanding of the absorber formation process: a
favorable double band gap grading structure is accom­
plished by controlled sulfur profiling and by natural
gallium accumulation towards the back electrode, which
is typical for all stacked elemental layer processes. Based
upon our previously published model obtained by in
situ XRD analysis the Ga profile can be explained by
the strongly inhibited formation of binary gallium­
selenides. By introducing the sulfur containing process
gas at certain stages of the selenization process piling
up of the sulfur profile towards the surface and increased
sulfur bulk incorporation is achieved.

Following our route of cost reduction a frameless
glass-glass package was applied and tested successfully:
the stability of the pilot line modules against humidity
is confirmed externally by passing the damp heat test
sequence according to IEC 61646.

For a future product the importance of environmental
aspects is taken into account by developing Cd-free
modules. The first 30X30 cm2 circuits yield up to
11.9% efficiency when the CBD-CdS film was replaced
by a CBD-Zn(S,OH)-buffer layer.

From fundamental investigations to product oriented
development the given results are a strong confirmation
of the technology concept based on the SEL-RTP-
process, extended by controlled Na-incorporation and
sulfur profiling. Beside further process and stability
optimization to exploit the full potential of SEL-RTP
future activities will focus on high throughput equipment
engineering in preparation for a successful transfer to
mass production.
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CHARACTERIZATION OF EXPERIMENTAL TEXTURED ZhOtAI FILMS FOR THIN FILM
SOLAR CELL APPLICATIONS AND COMPARISON WITH COMMERCIAL AND

PLASMONID ALTERNATIVES

David Jt'R, Fayas’. Start A Soden1, Owain D, Clafe\ Alan fe. Mahay® 'ata Banad M, fegrta!
’fitene Research Stajp, Stectrenfcs a«d Computer Stance. Univetay fe Southampton, SOI ? 1BX UK

WV Star, In&. S barters Dr., Rebbtavfc, ta «91. USA-'

ABSTRACT

We present ta oomprehansi® rtarataritatan of
essperirretasl ZnOAf. ®rts ffe ihin film safer tai
appgcatats. The megstefegieto and Pptal properties of
tas® fitete am determined etas tewMs^ end w,
espsHmtasi measurement tataigim end results are
compared so those of the semmertat Asads te-type T€O
as wall as sarepta of pisnsr TCGs tasted fe silver
rwopartSsfes. Results show that ta textured ZnO A! films
ptata fer superiar scattering to she eommereial
aftemetiw stodta. Nanepartita tasted pfenar TCOs
ata shw statering enhancement wfe tescife s>.«jg«»Sna
that nanupartita layers rsofed ba tuned to predomhtaW
Scatter tight within a ctea wavelength range.

WmCMWHUH

Thin life smatphaas sfiicors {«•€>) solar tate are ®!8 fe
fee mast important pttawatae fetatotogtes; they are
sheep and lightweight, they can be deposited at tow
temperetta «s either rigid ®- Stable substrates and
sSfean is ebundsnt wttki fee Earth's crest. However, short
diffesta lengths necessitate thin taw regfens and this,
combined tab low absorption ensures art afotata
requirement far affecttea tight-trapping, ofeetase a
significant amount af fight refected fesrh the barte of fee
tai escapes through fee Irani fe the davta.

One prevert matad ter Improving total: sfesfetan In s fefe
e«Si star tai is to texture fee teg transparent tatotafog
oxide (TOO). This works by statering fight into tere ptae
sf fee semiccrtatar and fecreetag the effective sprita
path length for light wsfefe fee pScan layer. Te enable
spteta scattering within few eta tato s suitable TCO
must bn used whife exhibits extatert efentrtai and
ogricte properties rate caa be febricatad and textured
eeonomitaly. Mta swessfel commertal TCQe are
based en bn tastes deposited co glass, wife Asahi tMype
being onefe the most successful as it is highly op&ntari
for a-S; solar |11. Hswwsr. to recent years it has
become apparent tat 2«O:Ai films ere wtafe fe
providing improved trsmpsrenoy with sccsrter hare
oharefearista-In comparison to fin oxides (2|.,'

Although heavily tetared TCOs can dentetata wry
high scattering,' grefeng thin film solar tala on an
extremely rough supsrstrete ears be receaptatay 

trouhfestae ata a compromise between scattering and
dtase gusfity must fee sought A premising atataive to
teWfete refisnw on texturing Is the use of motel
nstatafcles. These nanoptades toe refewtey smoolft
ata ere therefore Stay ta cause fec-a; febtastta issues
whilst ihetr ptamtas properties creste significantly
stance® statetag (3|.

In fess work, we present the tasnsw ehsrtaetaalto of a
setae <sf exptatatal ZnO^d films, each vtffe tagwly
textured retakes created by varying htatata
parameter. These films are sn tatasta of pretaus
efforts in fete sres (2, < The morptafcgita and optics!
properties of these films ore sampered to fee poptar
commercial ICO. Asahi tMype, os well as «^wW
wfefe® itaw TCOs seated with sSver ngnopsrficfes.

EKFSamEHTAL TECHHKSUES

Sample Fatetartfc®

Textured ZnG;At films were prepared -so statame glass
statates by reserve feliw tahsfie sputatag using
metallic Zn tetgets Hl ^>s daposfeta pressure was 28>3
mTorr arte the rtaterate temperature was approxtestsly
230*0.  Bath stefe and dynamic tataiitons were
performed and films of dlferent thieferms ware prepared
®r order to vary fee feature sure.

&ttal mcoptatte coated planar TCOs ware fabrtated
using toe metal istend film approach. Etas sarwfe-
pensists of a tan (MB nrn) layer of planar ITO on glass.
the ITO layer fe then eosted with nanopartass by using
efetata besre svaporetan to deposit Ag films of sprxrife
thicknesses and annealing tor 2 tans at 2B0’C. Severe!
different film fitarressss were usta to orta to vary ths
stespe and stao feted resulting metal nanopsrMes,

Gharectertxadsrt

W« have stepfoyta various methods to charactertes ta
physical and uptieai pruptales of ell samples sa woll as
the eteetrita properties fe each af the TCQ wtata-
Srtaco topography was daterminta tare a ccmbfeatsm fe
scstang ettararl mi^cstajy (SEM) sod atomic torn
mtaseepy (AFhU. ARM analysis was uwfe to accurately
determine tee surface prefite end extract roughness
parameters. S£M was seta to image fee sampte surface

tetete ta4tofi8$Wt«®6.ta «0 te££ »Sta
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«• various crag cites tens. A Focused San Basra (RB|
system was afera employed to pmp;®» ws-iteos
threugh the ssmpfes, eifowteg rraresijramerd: si foyer
thlcknesess. into! etetote dssretortotto has tom
earned out vis standard four paint- prate measurements
n.sed to determine sheet resiaWto. The four octet prate
system used w® a totdel RM3-AA capsfefe ©f mrasteng
sheet resistance t$ ®n accuracy of -»8,3%.

the teafc rspdto tonsnussto prcperito ©f all sampfes
have bee® deteratete tong standard haste
measurement These tnessuremtos tor® teen earned
sat u&$ s Ftatom white Sight taser we tong with a
mtegtong sphere (IS) ate BWTEK sptoramtor with a
wavelength range at 4§0 te SOD ran, The IS was set up tn
dteble team modo in order to obtain high amtracy
results |5|, Hass metaramsto provide a retatiwiy rapid
and simple means of qramiftytag to sv«te scattering
teussd fey a tasce, taww, in to ease of photovoltaic
dsvtos, to angle nf scatter is crada! to devfofe
pstemsanfte ate iterator® more sophisteatte
meastomsnis ere etae iwjAsd to adtfton to haze.

To teterafee the angular diteractec of scattered tight,
angle retowci staenng measurements are iyptesity
ustex We have enhanced tors measurement teshnigus is
include. wavtongfo dependent tfetell, rasalhng in
Wtoength ate angle tesoted seateteg measurements
(WARSy These measurements are canted to using a
Ftantom white ti^st taser w®o> together with a orstam
teat cteteote gcnftsmtor system and BMEK
sptetmmeter (wavelength range of 459 nm to 900 nm).
The goniometer system sentots rjf 7 highly accurate
ampM’ ctomitad mutortod stages,, atofong for
©tamely precta® sample alignment One® # samjsto fess
ton rtetette and aligned wftto th® system toe white
tight hear is directed tomugh the sample and detected by
a apertometer fersrab a fiber totally pteitote si Sx
(detecting spates- transmiston), The sample to taw
era ton fept stationary «s the fiber is rotated areto to
angle S. apertometer measurements are When between
to sngfes cf 0" and W at r intervals. An annotated 3D
rendering of to custom toft WARS mssseramsnt system
te shown te Figure 1.

ix«*x  «w
A

Figure 1, 30 rendering »f WARS stop

The- WARS meewtewd precess has ton tafly
automated to te etorelted by a LabVIEW™ software
Intertesa which has been dewfeped in t»to. The
mmwramste data is ton aulsmtotefy proorssad fey s
atom huM tdatteb*  program which tonatas all
msMurtoante «•? scsttared light with rasped to th®
specular ftartolssten and then outato toous 20 and 3D
graphicsl mpresehtations erf the tatota Far an aosote
rapresenta&m <ft to teW stotog at an angle S> te
dtobufem of tea scattered light ground the tomtoi
tote A must -ato be omsldared. This Is imptoto
teetose light erafttered at larger angles of § to dfetouted
ever a wider area and therefore foe h plans measurement
must foe tota wofdmgly to give approximate resufc tar
the steid angle 9 rwateed emto sp, sea Figure 2. Ths
stfeitab® pto prtostent? toe stoss out to canwton
using a sta(8) based relatosto which can be tototed
using simple geometry with the assurapliun foal the
stoesW is isntrcpk: aroto -y.

Csrecess ««am» ,
w<$wteb “to. /

^Jtr '
W^Sa

Figure .3.30 itotrafto of to dfetadbtom of esatteto
tight.

RESULTS AND m§CUSSl»

Twtato TOO Samples

AFM and SEte analysis of to wise® tppsgraphy sf the
wenmwstet ZeO-AI samples shows vast deferences
teuton smeptes in terms of fetor® ste®, shags
tetol surface RMS rougtoto With to majarity te trims
tofeg e highly tasted surface strutom SEM images of
ths ctototota Asahi tAtypa TCO end two of to &Gute
samples are shown ta Figure 3. Some of foe axpenrwntal
ZnOyM samples appear to htere wry similar shaped
•surface testa® to to Asahi fetayps although in general
to features of to experimental ZnOiAl Sims are
considerably target ton these of ths commercial TCO
teientov©, ?3©rry ef to Ztefe.AI gms consist of wy high
aspect ratio susfa® festerws, therefore It was necessary to
use spstol ptosse high aspect ratte AFM prates in ctor
to. atwataiy toremto ths surface topography end
roughness parameters. The specter, prate used was a
TESA-HAR prote Irani Veeco. Asahi U-typs was found to
have an RMS raughaass nf ground 43 nm; this veto
agrees waft with toratere (SI. Th® ZnO:Ai samples rang®
ta RteS roughness from -8’3 ran t® around ~133 nm,
sKsnsfttoafely rmtgter ton Asahi U-typs.

WU-.SMM8StonteS3S.® tazra 5 SEE ate set
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Figure 4, Cress »f ZsretA! #?5i

Figure 3, $O? fesagaa of Asahi U-tyjre (fopK InCtrM
#?§f (ralddfef ansi Zn©:AI #ST (bottom)

gw ,4b' *
>SW ^fflSr

Few point probe measurements shew that to! ef the
ZrsGAI samples have a few sheet resistonpe sf between 2
and 7 OJQ; this is signfenfiy .fowesr form thewmmerossl
Asahi troyse with a shaet ?mara ©f $-1? JMX Ths
measured stei resstte® far several of to® TCQ
samples is shown m Tabb 1 ateg wsto mfealatod
resistW values. For phnfovteic device apptastes a
stet resistorroe o? around 10 £dro ro l&ss is considered
to te good. Thus ths ZMX'Al samples astolbit excellent
resistance values.

Tabfe A Wheat reais wroe values for all toxtered ?©0®

Sample
^hsstRssistsns®

toO
Asahi totypa ^ii &7-18.S
ZnO.AI #388 si? <22
Zfi&M#7§1 2.81 6,41
^&Ai#757 2.81 S.2S

Hsce uwsuremests sfosw that ths ZnO:AI films provide
extremely high has®, far supete to tet of Asshi IMyps,
.sea Figure §.. As expdctoC resells shew a reduction m
haze st longer wavelengths for sB samples.
ConesyonAro total trensm'dtote measurements show
that sn average aw foe wwateftgth rsmgs, the majority of
the ZeO:Ai semptes transmit rewstf ■~759i a? fea Mghi,
Siightty tess than Asahi lM$re iransmbstoh st
Hrerew, tote matemmeato ware mode, wifhmi use ef
sn MtoMhatehing field, which probably yteresttetes
th® tesmsfiance of toe mere heevfiy textured samples to
s greater degre® than toe fess Wtorsd wr-pfes.

To- determine an apprroanrote value tor toe film ihidmte
st a TCO, ft m ponwntfoitoi to use re^pareas^y
measurements which arc caps!®® ©f pwidtag ftighiy
apwrato results, ifcww. m the ossa of asms sf to® very
rnugh ZntW samptes analysed hare, Mng eKpstotey
date proved to te esretey ireafetosama. Therefore a
focused ion beam (Fi g) was used t& ®te® mm secdoss
within foe samples, enabling approximato vsiues for film
ftictasass io ba mroewmd tern SEM images. An example
SEM image ©f a cross mtore fo to» ZsO film #751 »
shown in Figure 4. Ate*  U-typa was faand to ba sreund
S7S cm tfe<to, to© ZnO:Ai films were found to range
betemers 642 nm and 3.1 pm in tfcfefems.

W!

68i

E

1-----JtottFtSW
| a<bM«s

EnGA'^fil
1~—AtoM LMypa

0 » SCO 708 W tofo
Wawafength (am)

Rgte 5. Haza msasurah’sante for erotorod TCCJs

ICO)

87S-M244.5S$2^nmzOO ©2010 dro£ 0P1S02
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Rnsvsis frsm WARS measafsewts show wy sfear
difemsss between te sngto and wevefengto tf
steering for th® senwnerfett end esperimantoi TOG
ssampto. A sampis «f the WARS mtes to? Atei U-iypo
fed ZteA! fifes #7St and #757 is shew rn Figure & 

?FC^
■2

7CQ

§
SOO

Jg

5

'g ®C

&
€to

as
1
®

a 2Q 40 68 ®
Aogfe (§)

i

5®

c
' F®» Sfl 1

« 80 ® X
Angle fa

Fsgtw 6, WARS rsaufe for Astel U*  type (toph 2»o:Ai
mi fe Wfe> and ZnQM W (fetesm|

The WARS emits dearly show that the ZrfaAl Sims
exite suferiot high angfe steteg -when ®mgsred to
toa ctMrt Astel Wype. As expected, Asahi Wyp®
appears te prtefe » rafefeteiy high steering intensity
ever a bmsd distribution ©f angles at shorter wavelengths
(8® nmj, The reugter &£MI Sims gnneraHy tew sn
even higher intensity srf ssrattaing a® tee angefer

dfeifettfen uf tetfersd fight wfes sigtohcatoy per
sample, with to® fest sswte being ZnC As #7S7 which
shews toterws scattering £>w a tefed sngtosr range to
wawfengtos «d ~8C0 rm.

fifelai fenepatefeCnatfe Semptes

The safeas tapsgraphy &f toe mstoi swwgsfede esfesd
ssmptes has feen determined using SFM teges. fetes
mfel §Wer teyw tefetessm rangteg between 2,§ ton to
® !«n war® defeated, restteg in e re®e ef samples
with tofewt aisss, sfefes and distributes ef
femtfetoctes. Esrafete SEM images of the 7,5 n?n end
the 20 nm snnuatfe sarnpfes sra shewn in Figure 7.

fa

Figure t< O tags® ef 7 J me ammalfe Ag feyer
(top) and as nm snmafed Ag tayw (bottom^

Hase measurement to tfe nsnopamd*  ceated ssfete
sra shewn m Hgm 8, These teste shew a temte
increase in hags ss fefete ste® teesses; huwsw,
feeresms fe sterpte te toifete were ate prasem
cmmfa Sse arrays of feger nsnepsteas to have an
swage ©vrte tamtester af only amte 45%,

--■■2ftwt Ag fenteri
..... y.Snm Ag Asnegferi

to;

W te 7® W »
Wavelength (nm)

Flgarn & Haxs reeasirrsmsKto for two WtP coated
ssrfetes

a7tk1^244-5«82*mM2S.®mW ®1S§3
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Finally, WARS results for as ©f ths MNR coated ptow
TCO samples am shewn in figure 3, As wife the textured
TOO WARS mseswtotofe toss® results are to tn®
scattering to tonsmfes&m, Thus they provide infasnata
®n scattering enhancement to MNPs esses at to fesnt
interfac® sf a t» film devfcs smsstere.

1to -4<
^aco
f

I«0G

------ ■....!'...... to~<----------- s/,
8 23 « 60 80

Artgtefo)
Flgtto 8. WARS resislta for 7.S em arnwted Ag taw

(top) end 28 m anneafed Ag feysr foettorfo

The WARS results: show a stgni&wft memass in
scattering in tompenstm te a sfetoerd planar TCO.
Interestingly, ft can be abserwd that by varying to &to
and distefeufidn cf to. Ag m>rep«rfctes( tee scaiteteg
peak <»nfee taM to partitow wawfengtes. This may fee
partially das to te® ©hang® fe gaffes® texture but S is fiktey
tot tostoto effects are tojtto, and fols tote
agrees weft wife ptesmuntc theory [3[. in gerrersL
sanrwling thicker layers bf As feads fe larger nsnapatoto
which ferns mare efi^ssidai shapes as opposed te smaller
sphmtaai nstfefssrftcfefe These larger, ellipsoidal
ntospartitees haw a retohito resonsnt frequency [3|<
thsrsfere ths peak wavelength at scattering ate retohlto.

COHSOWHS

topsdtotoi festered ZnO:Ai films haw bestt phystoSy.
efetotoly end ogfitoiy ctowtetosd and ft fe 4«r fosm
to results that these TCOs ar® superior to to ccrnmsrtete
Asahi U-iyp® in several ways. Bspsrimato ZnO:At
stopfes exhibit sheet resistances that are typically
iowar ton Asahi Li-type, whitet opficteiy toy prtod®
axesfent tee. Hewsvar, whilst ths tore ef to Zr<Q:Ai
terns is wry gwd, the overall trensmtesian af to ®ns
may to fewer ton tot of Asahi IMype. WARS results fer 

to ZnCWM samples -show that seme ef to samples
scatter fcterisaly owr an extofent engtesr totrtoito end
often stotog is site high at wawfengto of atom 808
nm. This tofesto tot same of to ZhOtAl fems could be
particularly suitable for fewer band gap pc-Si er
miemmorph tow tsslfe, Htrerew, in gereto to feast
ZrOAl fitos were ato to roughest and tee high aspect
to© ©t to surfecs fatores of these samples fe <«efy t®
fee ptototoc for alitor dsp»ito.

The MNP toted TCO sampies do to exhibit scattering
itonstes as fogh as to tetoto ZnOAi sampto to
toy de gastemfty scatter fo higher engles and to pash
wewiengfe ef stoeeng wnes mfe MNP sto end
sSshtotaA Tfete suggests tot MNP teyers could te teed
tc ptofe spttaat scattering for s particular semtoKtetar
tosetor layer. HMert fit® agpfeto® sf MteRs ato
has an effete on ths refteette and absprpjion af light ft fe
torefer® ilktey that feysrn such as tos® wilt ba nws
femefito when fessrperated intn the hater mfecter at foe
teevto, where to tomato mftedte tonmss a usefel
property,

Future wte indtos fortor upfimteatton ©f to
tatato ZnOrAi Stea, feifcwad by ttw use

as superstates fer to gswth fe s-Si end pc-Si sslar tos.
Further analysis ©f to effects ef MNPs should also be
earned to, pwltetaiy for lbs application of lung
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ABSTRACT Irradiation with polarized laser light of 248-nm
wavelength induces the formation of periodic undulations
~ 10-nm-high on flat silicon substrates. The wavelength of
these periodic structures is a function of the light wavelength
and the angle of incidence of the laser beam. Linear arrays of
silicon nanoparticles with fairly uniform size that extended up
to a millimeter were formed if the irradiation was performed
using polarized light. When non-polarized laser light with the
same fluence was used to illuminate an initially flat surface, non-
aligned nanoparticle strings were obtained. However, if part
of the irradiated area was microstructured, nanoparticle linear
arrays resulted in the vicinity of the microstructured region.
An analysis on the evolution of these nanostructures is pre­
sented. Nanocolumns could be grown on top of every cone of
a microstructured surface upon cumulative laser irradiation with
non-polarized light, reaching a height of ~ 3 pm and a diameter
of 100-200 nm. The mechanisms of nanocolumn origin and
growth are analyzed.

PACS 61.46. +w; 61.80.Ba; 61.82.Fk; 68.35.Bs

1 Introduction

yLas'er-induced surface microstructuring of silicon
has bcen^tensively studied [1-8], and has been found to be
a function of fluence and of the composition and pressure of
the background atmosphere present in the irradiation cham­
ber [5.6], At a fluence between 2 and 3J/cm2 two distinct
processes can take place sequentially as a result of cumulative
laser irradiation. Shallow depressions evolve and can reach
a depth of a few micrometers and a separation distance of 20 to
30 p,m [7]. These depressions are initially sparsely distributed
on the surface, but new ones form and progressively cover
the entire irradiated area. At the same time, the depressions
continuously deepen with the number of laser pulses. For ir­
radiation in non-reactive environments such as vacuum or Ar, 
this surface relief continuously builds up with the number of
laser pulses, upto 10 000 pulses [8].

In a reactive atmosphere like SF6, the same evolution is
initially observed in the same fluence range, but more dra­
matic changes occur after 600 pulses. Additional irradiation in

■SJ Fax: +1-865/974-41 15, E-mail: apedraza@utk.edu 

SFg produces a drastic change both in the surface-roughening
rate and in the morphology, establishing the signature of
a second, different process. The change to this second pro­
cess, which produces a characteristic microhole-microcone
microstructure, is preceded by a transition stage in the mor­
phology. Figure 1 shows the three stages of microstructure
evolution just outlined. After ~ 400 laser pulses, the surface
relief depends only on the crystallographic orientation of the
laser-exposed surface. The optical image acquired with No­
marski contrast shown in Fig. la illustrates the first stage in
the process of a surface relief production. Shallow depressions
and elevations that have the appearance of a cube structure can
be seen. The orientation of the surface is very close to (111)
and the characteristic three-fold symmetry is clearly revealed
by the surface traces. The same relief is produced under reac­
tive and non-reactive atmospheres. The second stage, shown
in Fig. lb, has been observed only under a reactive (SFg) ir­
radiation atmosphere and after a higher number of pulses.
Intense etching takes place at the bottom of the depressions
formed during stage 1. Multiple reflections focus the beam at
these depressions, enhancing the decomposition of SF6 and
thus the etching activity [8]. The third stage (Fig. 1c) is char­
acterized by a synergistic process involving hole deepening by
etching- assisted ablation and cone growth by re-deposition
of ablated species on top and to the sides of the laser-melted
regions. Since ablation also takes place in these regions,
growth can occur only when re-deposition occurs in excess of
ablation.

A reduction of the laser energy to < 1 J/cm2 drastically
changes the scale of the surface relief, promoting the for­
mation of nanostructures. Three different phenomena will
be described and analyzed: (1) the production of periodic
nanochannels; (2) the formation of an organized array of
nanoparticles; and (3) the growth of nanocolumns. The pro­
cessing characteristics could be of interest for some tech­
nologies, since long-range ordering of nanostructures is a key
issue, central to the utilization of nanostructures in electronic
materials applications.

2 Experimental procedure

Boron-doped silicon substrates were irradiated
using a Lambda Physik LPX-3O5i KrF excimer laser (248-nm
wavelength), with a pulse duration of 25 ns. Unless otherwise
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400 pulses (a)

1300 pulses (c)

650 pulses (b)

FIGURE 1 The three stages of cone formation
in silicon under an SFs atmosphere, a Optical mi­
crograph with Nomarski contrast; b and c SEM
images with sample tilted 40°

indicated, all laser treatments were carried out at normal inci­
dence. The beam emerging from the laser cavity was directed
to an optic bench using a MgFa-coated fused-silica mirror.
The optic bench contained an aperture, a fused-silica lens
array, and the irradiation chamber. The rectangular aperture
partly removed the low energy tails of the trapezoidal laser
beam. The laser fluence was varied by adjusting the position
of the fused-silica lens array relative to the sample holder in
the irradiation chamber.

All of the experiments were conducted using helium as
background gas. For each laser irradiation cycle, the irradi­
ation chamber was pumped to a base pressure of 1 x 10~7Torr

He prior to introducing 99.999% pure helium gas at a se­
lected pressure. For some experiments, the substrates were
first laser-microstructured in an SFg atmosphere, to produce
a cone relief.

Native oxide layer removal was done by immersing the
specimens in a 10: 1 HF aqueous solution for 5 min, washing,
drying and quickly transferring them to a vacuum chamber.
Table 1 summarizes the experimental conditions used for the
examples shown in the figures.

Ex situ characterization studies were conducted using
scanning electron microscopy (SEM), atomic force mi­
croscopy (AFM), and Auger emission spectroscopy (AES).

" p: polarized; np: non-polarized
h native oxide present in surface

native oxide removed
TABLE 1 Summary of experimental conditions related to figures

Figure
number

Laser fluence (J/cm2)
and polarization (p,np)"

Number of
pulses

Composition and pressure (Torr)
of irradiation atmosphere

Initial surface
topography

Final surface structure

2 0.8 p 400 Vacuum 1 x IO-6 Smooth^ Nanochannels
3 0.6 np 450 He 100 Smooth' Nanoparticles
4a 0.6 np 500 He 100 Smooth6' Nanoparticles
4b 0.6 np 700 He 100 Smooth1 Nanoparticles
5 1 np 200 He 100 Smooth*  + Cones Nanoparticle clusters and

ordered nanoparticle array
6 1 np 200 He 0.5 Smooth*  + Cones Ordered nanoparticle array
7 0.5 np 2000 He 10 Microcones Nanocolumn (Start)
8 0.5 np 0-100(X) He 10 Microcones Nanocolumn on top of cone
9 0.5 np 15000 He 10 Microcones Nanocolumn on top of cone
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3 Formation of nanochannels by laser irradiation

The formation of nanochannels was observed only
when using polarized light to irradiate silicon specimens and
when the surface had its native oxide. In order to examine
the effect of the presence of this oxide layer, two types of
experiment were first performed, using the same conditions:
2000 pulses of polarized laser light at an angle of incidence
of 14°, a fluence of 0.7 J/cm2 and a vacuum pressure of
5 x 10-6 Torr. In one of the experiment types, the native oxide
was removed from the surface of the silicon targets prior to the
irradiation, while for the other type, specimens with the native
oxide were irradiated without any surface conditioning. These
experiments consistently showed that the oxide layer stabi­
lizes the ripples. All the experiments described in this section
were performed on silicon with the native oxide film using
polarized light.

Formation of 6-10-nm-deep nanochannels was induced
by laser irradiation of an initially flat silicon substrate, in
a background pressure of 1 x 10~6 Torr, at a laser fluence of
0.8 J/cm2. These channels were produced using linearly p-
polarized light (for which the electric field lies in the plane
of incidence) and were aligned normal to the polarization di­
rection. At normal laser beam incidence, the spacing between
channels, A, equaled the laser wavelength, X. The channels
were not featureless, as can be seen in Fig. 2. The overall
structure could be described as two periodic structures or
waves of the same wavelength displaced from each other by
half a wavelength. The amplitude of one of the waves was

FIGURE 2 AFM image of LIPSS formed in silicon under vacuum. Linearly
polarized laser lighl at normal incidence. Laser wavelength: 248 nm; fluence:
0.8 J/cm2; 400 pulses. Note: y-scale in nm; x-scale in pm

~6 nm - significantly larger than the amplitude of the other
wave.

Several experiments were done with an angle of incidence
of the beam# > 0. In this case, two line-spacings were found
in the same specimen in some instances. For example, for
a sample irradiated with 2000 pulses at a fluence of 1 J/cm2
in a 10 Torr background pressure of He and for # = 15°,
the two spacings given in the first column of Table 2 were
measured.

The spontaneous formation of periodic ripples on the sur­
face of a material illuminated with polarized pulsed laser light
has been reported in many different materials [9-23] at flu­
ences close to the melting threshold, spanning a wavelength
range of 10.6 to 0.193 p.m. The period and orientation of these
surface ripples, known in the literature as laser-induced peri­
odic surface structures (LIPSS), mainly depend on the follow­
ing aspects of the laser beam: angle of incidence, polarization,
frequency, and energy. However, the occurrence of LIPSS in
a given material appears to be a strong function of the specific
response of this material to inhomogeneous energy deposi­
tion. For instance, for a given set of the main laser parameters
just listed, some fringe patterns observed in Ge have not been
detected in Si or Al [12]. Excluding the studies in polymers,
all of the previous reports refer to LIPSS spacings on the order
of microns. This is the first time that nano-LlPSS have been
demonstrated in silicon.

The most often encountered periodic structures are those
whose wave vector is parallel to the projection of the electric
field on the surface plane [12J. These ripples or fringes were
found mostly when the electromagnetic field was linearly po­
larized, whether the electric field lay in the plane of incidence
(p-polarized) or perpendicular to it (s-polarized). LIPSS could
be very simply interpreted as being produced by the interfer­
ence between the refracted radiation and two scattered waves
parallel to the surface propagating in opposite directions, giv­
ing the following dependence of fringe spacings, A+ and A_,
on the angle of incidence 0 and the laser wavelength X:

As can be seen from Table 2, the line-spacings calculated
using (1) for the case of 0 — 15° and A = 248 nm are in good
agreement with the two values reported above of 204 nm and
331 nm. In addition, in some cases a spacing following a dif­
ferent law, 

was found for fringes running parallel to the polarization vec­
tor of incident p-polarized light, in contrast with those whose
spacing was described by the sine law, which run perpendicu­
lar to it [14,15].

TABLE 2 Measured and calculated line-spacing of LIPSS

^measured (nm) A — XA -

204 197 —
335 331
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Several groups have developed theories to explain the pro­
duction of LIPSS [11,13,14,23], The key factor to explain
LIPSS evolution in all of the models is the occurrence of an in­
homogeneous light intensity distribution on the surface. The
inhomogeneity in the light distribution arises from the inter­
action between the light scattered by surface roughness and
the refracted laser light. There are several ways whereby the
material can respond to the temperature modulation due to
this energy inhomogeneity [13,14]. It has also been recog­
nized that a positive feedback is necessary for the ripples to
be produced. Concurrent with this concept, we have observed
in our studies that nanoripple formation always requires mul­
tiple laser pulses, also indicating that the interaction between
roughness and light evolves with an increasing number of
pulses. The difficulty in stabilizing this nanostructure is high­
lighted by two factors, possibly interrelated: the large number
of pulses needed to form them, as just emphasized, and the
apparent requirement that there must be a native oxide layer
present.

4 Self-organized linear arrays of laser-induced
silicon nanoparticles
All the experiments in this section, with one ex­

ception, were performed using non-polarized light. The na­
tive oxide was removed in all the specimens, flat and mi­
crostructured, prior to laser irradiation to minimize oxide con­
tamination of the nanoparticles. At laser fluences close to
1 J/cm2 and using a background atmosphere of ultra high pu­
rity (UHP) He rather than vacuum, a film was deposited on
the surface of a silicon substrate [24], The background gas
backscattered atoms and probably very small clusters were
also deposited on the substrate. The film detected by AFM
using a tapping mode scan, after 200 pulses at 1 J/cm2 and
10 Torr of He background pressure, was very porous with
some areas a few nanometers thick and other areas with
a much thinner film or no film at all. The average film thick­
ness observed over all the measured specimens was of the
order of 1 nm. However the film thickness did not increase
very significantly after the first 50 pulses, giving an average
deposition rate of ~ 2 x 10-2 nm/pulse. From this deposi­
tion rate, it is difficult to evaluate the average ablation rate
during irradiation because in some regions of the specimen
ablation was taking place, while in others there was material
accumulation.

It is clear from the extensive work done on ripple for­
mation that a non-uniform deposition of energy is produced
during laser irradiation of a surface with micro- or nano-
roughness. In our case, AFM images recorded very significant
nano-roughness in all specimens, with some regions as high as
8 nm. Light scattering from this random nano-roughness will
produce a random interference pattern with the refracted light
that will generate a non-uniform energy deposition. For this
reason, it is difficult to establish a meaningful correlation be­
tween the ablation rate and laser fluence. The fact that a film
was formed at the same time as ablation was taking place in­
dicates that the laser fluence used in these experiments was
very close to the ablation threshold. The film did not seem
to increase significantly with the number of pulses, proba­
bly due to continuous ablation and clustering. Auger emission
spectroscopy revealed that beyond the first nanometer the film 

was at least 90% silicon, with no silicon bound to an oxide or
carbide.

SEM and AFM images indicate that the film clusters
•and forms nanoparticles as it is being irradiated with non­
polarized laser light [24]. We have observed film-denuded
zones, 1 to 2 pirn in diameter, containing nanoparticles that
had apparently consumed the film originally in the zone. The
distance between nanoparticles in these small regions was
close to the wavelength of the incident light, indicating a pro­
cess controlled by a non-homogeneous distribution of energy
similar to what happens during ripple formation.

As nanoparticle formation proceeded with additional ir­
radiation, the particles tended to aggregate into curvilinear
strings and became stabilized at ~ 30 nm-diameter, as meas­
ured in SEM images (Fig. 3). This behavior resulted in a fairly
uniform size distribution. The evolution of this nanostruc­
ture with additional irradiation was followed using a high-
precision SEM stage positioning mechanism. The nanoparti­
cles kept their identity and shape; however, they experienced
displacements, as illustrated in Fig. 4. They tended to align in
short curvilinear strings like pearls in a necklace, and some
ordering can be appreciated in the micrographs. At a certain
point the strings became locked and further movement or or­
dering did not occur. At higher laser fluence, e.g., 1.3 J/cm2,
they flattened and tended to fuse with the substrate.

A very dramatic change in the nanoparticle spatial distri­
bution occurred when the irradiation was done on a surface
partly covered with a well-developed cone microstructure.
The microcones were grown by laser irradiation in a 0.5 bar
SFs atmosphere, using 1200-2000 pulses at a laser energy of
~3 J/cm2; they had a height of 20-30 p.m and tips of a few
micrometers in diameter [6-8], A typical microstructure is
shown in Fig. 1c.

The irradiation in He resulted in film deposition and the
formation of linear arrays in the regions of the irradiated sub-
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FIGURE 3 Nanoparticles formed under lOOTorr He, after 450pulses at
0.6 J/cm2
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FIGURE 4 Motion of nanoparticles followed in­
side encircled region, a 500 pulses; b 700 pulses.
Fluence: 0.6 J/cm2; He pressure: 100Torr
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FIGURE 5 SEM image showing film clustering, and nanoparticle forma­
tion and ordering. Specimen irradiated with 200 pulses at 1 J/cm2 under
100 Torr He
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FIGURE 6 Laser-induced nanoparticle linear array in the vicinity of
a microstructured region of the surface. Fluence: 1 J/cm2; 0.5 Torr He;
200 pulses

strate surface adjacent to the microstructured zone. Figure 5
illustrates the evolution of the film, demonstrating that the
nanoparticles grew in the substrate, consuming the film, and
became aligned as they were being irradiated.

The nanoparticle ordered array shown in Fig. 6, has a line­
spacing close to 248 nm and extends over microscopic regions
with few perturbations in the alignment. This array developed
in the immediate vicinity of the cone microstructure region.
Characterization of the nanocrystals by using Auger electron
spectroscopy demonstrated that the nanoparticle consisted of
silicon cores covered with a very thin sheath of oxide.

Certain aspects of the nanoparticle alignment phenomenon
suggest that it could be associated with the LIPSS phe­
nomenon. Similar to the conditions reported for LIPSS de­
velopment, the alignment was initially observed just above
the melting threshold, and occurred in a narrow laser fluence
range above this threshold. In almost every case, although
not in all of them, for normal incidence, the particles aligned
along the rectangular beam short axis, which corresponded to
the direction where the E field was at a maximum. In a second
set of experiments, in which a fine wire (100 p.m) crossing the
beam was imaged on a flat Si substrate surface, a linear align­
ment of nanoclusters occurred within the interference fringe
pattern resulting from the diffraction of light by the wire. An
AFM image taken from the same specimen shown in Fig. 6 re­

veals that nanoparticles were located on the valleys of LIPSS
(Fig. 7). Lack of contrast prevented observation of the smooth
undulations of LIPSS by SEM.

At variance with the LIPSS experiments described in the
preceding section, the alignment of nanoparticles did not re­
quire polarized light; the presence of an extended defective
region was sufficient. Next, we used p-polarized light, and
aligned nanoparticles were produced on a flat surface, with­
out the need for an initial microcone structure. Nanoparticle
arrays aligned normal to the direction of the electric field.
An experiment that illustrates well the process of nanoparti­
cle production and alignment with size selection was done by
irradiating the silicon surface with polarized light at an aver­
age energy density higher than 1 J/cm2. The irradiated area
was rectangular and we utilized a beam size of approximately
7 mm x 3 mm. All over the edges, where the beam energy
tapered off and within a width of ~ 0.4 mm, an aligned ar­
ray of ~ 30-nm-diameter nanoparticles was generated. A mi­
crostructure consisting of long surface waves was produced in
the central portion of the irradiated region where the energy
was too high for particle formation. The production of this mi­
crostructure indicates that very significant ablation could have
taken place in the central region of the spot. AFM scans re­
veal an abrupt change in the spatial and size distribution of
nanoparticles at the sides of the edges of the laser shot, into
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FIGURE 7 AFM image of the same surface as in Fig. 6

the unirradiated region. Instead of the highly organized array
of small, fairly uniformly sized nanoparticles detected inside
the irradiated edge, a completely random distribution of much
larger nanoparticles with a wide size distribution was found to
cover the adjacent unirradiated area.

Using p-polarized light, the angle of incidence of the laser
beam was changed and it was found that the nanoparticle line
spacing followed (1) with the minus sign in the denominator,
i.e., the line-spacing increased as the angle of incidence was
increased. This result strongly suggests that similar mechan­
isms are responsible for the formation of nanochannels and for
nanoparticle alignment.

The results just described, whereby spontaneous align­
ment of silicon nanoparticles form regular arrays as a result of
pulsed-laser irradiation of a silicon substrate, opens the possi­
bility of using UV lasers as manipulators of nanoparticles on
a large scale, on the order of millimeters.

efit from a well developed microcone structure, using it as
a template for a finer structure.

A silicon target, microstructured as shown in Fig. 1 c, was
irradiated at 0.5 J/cm2 in a He atmosphere at 10 Torr. It was
first noticed that 2000 pulses produced the emergence at the
microcone tips of small protrusions ~ 100 nm in diameter and
a few nanometers in height (Fig. 8). The sequence of images
presented in Fig. 9 shows the growth of one nanocolumn as
a function of the number of laser pulses. Figure 9a shows
the cone tip of the initial microstructured surface for which
the nanocolumn evolution has been followed. We always ob­
served a small tip at the top of the microcones, and as we
continued the irradiation at low energy, the protrusion grew
and a flat depression was formed around it (Fig. 9b and c).
A careful examination of the images shows that the low-
energy irradiation only produced melting at the very top of the
cone tip. The fluence used in these experiments (referred to
a flat surface) was very close to the melting threshold and it de­
creased from the center of the cone tip towards the sides due
to the tip curvature. Thus, these irradiation conditions explain
the highly localized melting. As the irradiation was continued,
the depression around the protrusion disappeared (Figs. 9d-f),
and the protrusion developed into a nanocolumn, while a mul­
titude of very small protrusions appeared at its base (Fig. 9e).
Finally, after 10 000 pulses the nanocolumn had a height of
3.1 p.m and a diameter of 200 nm, giving an aspect ratio of 15.
Due to the nanosecond pulse duration, silicon transport to the
top could only have taken place in the liquid or gas phase.
The liquid could only be removed from the immediate vicin­
ity where melting took place. The small and flat depression
around the nanocolumn cannot account for the extra mass of
silicon from the nanocolumn and the protrusions that mush­
roomed around it.

The chemical composition of the nanocolumns grown in
He was measured using the electron beam of a SEM at normal
incidence, focused at the center of the nanocolumn in a spot
of 150-nm-diameter. Only the chemical composition of the
nanocolumn was measured, because the probe region extends
to ~ 1.5 pm in depth, which is significantly less than the col­
umn height. It was found that the nanocolumns were made of
silicon with less than 2 at. % of oxygen, while the amount of
oxygen measured in the substrate was less than 1 %. The error

5 Silicon nanostructuring atop a laser-produced
microcone template

The formation of microcones has been explained
by a mechanism similar to that used to explain the formation
of whiskers in silicon [6-8], The cone microstructure appears
first to present a natural limit - as far as a minimum dimension
is concerned - for laser-induced structuring of a surface with
self-organized tips. This limitation arises from the formation
and growth mechanisms of the cone and the fact that it starts
at a surface that is melted throughout. Once a cone is formed,
and its subsequent growth is accomplished by preferential
re-deposition of material at its laser-melted tip, continuing ir­
radiation under the same conditions will produce a rise in the
cone first and result in its fall at later stages. However, we
have found that a change in processing conditions could ben-

FIGURE 8 Nanocolumns growing on microcone tips. Fluence: 0.5 J/cm2,
2000 pulses. He pressure: 10 Torr
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FIGURE 9 Nanocolumn evolution
upon laser irradiation at O.5J/cm2
in 10 Torr He. a initial cone tip;
b 1000 pulses; c 2500 pulses; d 5000
pulses; e 8000 pulses; f 10000 pulses
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FIGURE 10 Tip of same nanocolumn as shown in Fig. 8, after 15 000 pulses

in the electron dispersion X-ray spectroscopy measurements
was on the order of 1 %.

The laser fluence at the bottom of the microcones is en­
hanced by multiple reflections promoting ablation, and due to
the background pressure, ablated material is partly backscat-
tered and can be trapped at the melted nanocolumn tip. It
has been calculated that the intensity at the bottom of the
microcones, tens of micrometers below the surface, is in­
creased over 4-fold [8], The process of deposition is clearly
visible after l5000pulses because a film covers a large por­
tion of the substrate. Also, after 15 000 pulses the top of the
nanocolumns become significantly enlarged and the deposi­
tion process is further revealed by the multiple small pro­
trusions that cover the tip (Fig. 10). The low ablation rate is
reflected in the extremely low growth rate of nanocolumns,
0.2 nm per pulse.

Irradiation in vacuum, for which the trapping of ablated
material is more difficult because there is no buffer gas at­
mosphere, shows that after 2500 pulses small protrusions

similar to those shown in Fig. 9c are formed at the top of
the microcones. However, in vacuum these protrusions do
not grow additionally and after 10 000 pulses they tend to
flatten.

These experimental observations suggest that the initial
protrusion at the top of the microcones (Fig. 9b and c) is most
likely a result of the solidification process of the laser-melted
pool. When the nano-protrusions reach a certain size, depo­
sition of silicon strongly increases their length by continuing
irradiation under helium, keeping the diameter approximately
constant (Fig. 9e and f). This last process appears to be similar
to that described for microcolumn growth [4].
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ABSTRACT Irradiation with polarized laser light of 248-nm
wavelength induces the formation of periodic undulations
~ 10-nm-high on flat silicon substrates. The wavelength of
these periodic structures is a function of the light wavelength
and the angle of incidence of the laser beam. Linear arrays of
silicon nanoparticles with fairly uniform size that extended up
to a millimeter were formed if the irradiation was performed
using polarized light. When non-polarized laser light with the
same fluence was used to illuminate an initially flat surface, non-
aligned nanoparticle strings were obtained. However, if part
of the irradiated area was microstructured, nanoparticle linear
arrays resulted in the vicinity of the microstructured region.
An analysis on the evolution of these nanostructures is pre­
sented. Nanocolumns could be grown on top of every cone of
a microstructured surface upon cumulative laser irradiation with
non-polarized light, reaching a height of ~ 3 pm and a diameter
of 100-200 nm. The mechanisms of nanocolumn origin and
growth are analyzed.

PACS 61.46. +w; 61.80.Ba; 61.82.Fk; 68.35.Bs

1 Introduction

yLas'er-induced surface microstructuring of silicon
has bcen^tensively studied [1-8], and has been found to be
a function of fluence and of the composition and pressure of
the background atmosphere present in the irradiation cham­
ber [5.6], At a fluence between 2 and 3J/cm2 two distinct
processes can take place sequentially as a result of cumulative
laser irradiation. Shallow depressions evolve and can reach
a depth of a few micrometers and a separation distance of 20 to
30 p,m [7]. These depressions are initially sparsely distributed
on the surface, but new ones form and progressively cover
the entire irradiated area. At the same time, the depressions
continuously deepen with the number of laser pulses. For ir­
radiation in non-reactive environments such as vacuum or Ar, 
this surface relief continuously builds up with the number of
laser pulses, upto 10 000 pulses [8].

In a reactive atmosphere like SF6, the same evolution is
initially observed in the same fluence range, but more dra­
matic changes occur after 600 pulses. Additional irradiation in

■SJ Fax: +1-865/974-41 15, E-mail: apedraza@utk.edu 

SFg produces a drastic change both in the surface-roughening
rate and in the morphology, establishing the signature of
a second, different process. The change to this second pro­
cess, which produces a characteristic microhole-microcone
microstructure, is preceded by a transition stage in the mor­
phology. Figure 1 shows the three stages of microstructure
evolution just outlined. After ~ 400 laser pulses, the surface
relief depends only on the crystallographic orientation of the
laser-exposed surface. The optical image acquired with No­
marski contrast shown in Fig. la illustrates the first stage in
the process of a surface relief production. Shallow depressions
and elevations that have the appearance of a cube structure can
be seen. The orientation of the surface is very close to (111)
and the characteristic three-fold symmetry is clearly revealed
by the surface traces. The same relief is produced under reac­
tive and non-reactive atmospheres. The second stage, shown
in Fig. lb, has been observed only under a reactive (SFg) ir­
radiation atmosphere and after a higher number of pulses.
Intense etching takes place at the bottom of the depressions
formed during stage 1. Multiple reflections focus the beam at
these depressions, enhancing the decomposition of SF6 and
thus the etching activity [8]. The third stage (Fig. 1c) is char­
acterized by a synergistic process involving hole deepening by
etching- assisted ablation and cone growth by re-deposition
of ablated species on top and to the sides of the laser-melted
regions. Since ablation also takes place in these regions,
growth can occur only when re-deposition occurs in excess of
ablation.

A reduction of the laser energy to < 1 J/cm2 drastically
changes the scale of the surface relief, promoting the for­
mation of nanostructures. Three different phenomena will
be described and analyzed: (1) the production of periodic
nanochannels; (2) the formation of an organized array of
nanoparticles; and (3) the growth of nanocolumns. The pro­
cessing characteristics could be of interest for some tech­
nologies, since long-range ordering of nanostructures is a key
issue, central to the utilization of nanostructures in electronic
materials applications.

2 Experimental procedure

Boron-doped silicon substrates were irradiated
using a Lambda Physik LPX-3O5i KrF excimer laser (248-nm
wavelength), with a pulse duration of 25 ns. Unless otherwise
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400 pulses (a)

1300 pulses (c)

650 pulses (b)

FIGURE 1 The three stages of cone formation
in silicon under an SFs atmosphere, a Optical mi­
crograph with Nomarski contrast; b and c SEM
images with sample tilted 40°

indicated, all laser treatments were carried out at normal inci­
dence. The beam emerging from the laser cavity was directed
to an optic bench using a MgFa-coated fused-silica mirror.
The optic bench contained an aperture, a fused-silica lens
array, and the irradiation chamber. The rectangular aperture
partly removed the low energy tails of the trapezoidal laser
beam. The laser fluence was varied by adjusting the position
of the fused-silica lens array relative to the sample holder in
the irradiation chamber.

All of the experiments were conducted using helium as
background gas. For each laser irradiation cycle, the irradi­
ation chamber was pumped to a base pressure of 1 x 10~7Torr

He prior to introducing 99.999% pure helium gas at a se­
lected pressure. For some experiments, the substrates were
first laser-microstructured in an SFg atmosphere, to produce
a cone relief.

Native oxide layer removal was done by immersing the
specimens in a 10: 1 HF aqueous solution for 5 min, washing,
drying and quickly transferring them to a vacuum chamber.
Table 1 summarizes the experimental conditions used for the
examples shown in the figures.

Ex situ characterization studies were conducted using
scanning electron microscopy (SEM), atomic force mi­
croscopy (AFM), and Auger emission spectroscopy (AES).

" p: polarized; np: non-polarized
h native oxide present in surface

native oxide removed
TABLE 1 Summary of experimental conditions related to figures

Figure
number

Laser fluence (J/cm2)
and polarization (p,np)"

Number of
pulses

Composition and pressure (Torr)
of irradiation atmosphere

Initial surface
topography

Final surface structure

2 0.8 p 400 Vacuum 1 x IO-6 Smooth^ Nanochannels
3 0.6 np 450 He 100 Smooth' Nanoparticles
4a 0.6 np 500 He 100 Smooth6' Nanoparticles
4b 0.6 np 700 He 100 Smooth1 Nanoparticles
5 1 np 200 He 100 Smooth*  + Cones Nanoparticle clusters and

ordered nanoparticle array
6 1 np 200 He 0.5 Smooth*  + Cones Ordered nanoparticle array
7 0.5 np 2000 He 10 Microcones Nanocolumn (Start)
8 0.5 np 0-100(X) He 10 Microcones Nanocolumn on top of cone
9 0.5 np 15000 He 10 Microcones Nanocolumn on top of cone
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3 Formation of nanochannels by laser irradiation

The formation of nanochannels was observed only
when using polarized light to irradiate silicon specimens and
when the surface had its native oxide. In order to examine
the effect of the presence of this oxide layer, two types of
experiment were first performed, using the same conditions:
2000 pulses of polarized laser light at an angle of incidence
of 14°, a fluence of 0.7 J/cm2 and a vacuum pressure of
5 x 10-6 Torr. In one of the experiment types, the native oxide
was removed from the surface of the silicon targets prior to the
irradiation, while for the other type, specimens with the native
oxide were irradiated without any surface conditioning. These
experiments consistently showed that the oxide layer stabi­
lizes the ripples. All the experiments described in this section
were performed on silicon with the native oxide film using
polarized light.

Formation of 6-10-nm-deep nanochannels was induced
by laser irradiation of an initially flat silicon substrate, in
a background pressure of 1 x 10~6 Torr, at a laser fluence of
0.8 J/cm2. These channels were produced using linearly p-
polarized light (for which the electric field lies in the plane
of incidence) and were aligned normal to the polarization di­
rection. At normal laser beam incidence, the spacing between
channels, A, equaled the laser wavelength, X. The channels
were not featureless, as can be seen in Fig. 2. The overall
structure could be described as two periodic structures or
waves of the same wavelength displaced from each other by
half a wavelength. The amplitude of one of the waves was

FIGURE 2 AFM image of LIPSS formed in silicon under vacuum. Linearly
polarized laser lighl at normal incidence. Laser wavelength: 248 nm; fluence:
0.8 J/cm2; 400 pulses. Note: y-scale in nm; x-scale in pm

~6 nm - significantly larger than the amplitude of the other
wave.

Several experiments were done with an angle of incidence
of the beam# > 0. In this case, two line-spacings were found
in the same specimen in some instances. For example, for
a sample irradiated with 2000 pulses at a fluence of 1 J/cm2
in a 10 Torr background pressure of He and for # = 15°,
the two spacings given in the first column of Table 2 were
measured.

The spontaneous formation of periodic ripples on the sur­
face of a material illuminated with polarized pulsed laser light
has been reported in many different materials [9-23] at flu­
ences close to the melting threshold, spanning a wavelength
range of 10.6 to 0.193 p.m. The period and orientation of these
surface ripples, known in the literature as laser-induced peri­
odic surface structures (LIPSS), mainly depend on the follow­
ing aspects of the laser beam: angle of incidence, polarization,
frequency, and energy. However, the occurrence of LIPSS in
a given material appears to be a strong function of the specific
response of this material to inhomogeneous energy deposi­
tion. For instance, for a given set of the main laser parameters
just listed, some fringe patterns observed in Ge have not been
detected in Si or Al [12]. Excluding the studies in polymers,
all of the previous reports refer to LIPSS spacings on the order
of microns. This is the first time that nano-LlPSS have been
demonstrated in silicon.

The most often encountered periodic structures are those
whose wave vector is parallel to the projection of the electric
field on the surface plane [12J. These ripples or fringes were
found mostly when the electromagnetic field was linearly po­
larized, whether the electric field lay in the plane of incidence
(p-polarized) or perpendicular to it (s-polarized). LIPSS could
be very simply interpreted as being produced by the interfer­
ence between the refracted radiation and two scattered waves
parallel to the surface propagating in opposite directions, giv­
ing the following dependence of fringe spacings, A+ and A_,
on the angle of incidence 0 and the laser wavelength X:

As can be seen from Table 2, the line-spacings calculated
using (1) for the case of 0 — 15° and A = 248 nm are in good
agreement with the two values reported above of 204 nm and
331 nm. In addition, in some cases a spacing following a dif­
ferent law, 

was found for fringes running parallel to the polarization vec­
tor of incident p-polarized light, in contrast with those whose
spacing was described by the sine law, which run perpendicu­
lar to it [14,15].

TABLE 2 Measured and calculated line-spacing of LIPSS

^measured (nm) A — XA -

204 197 —
335 331
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Several groups have developed theories to explain the pro­
duction of LIPSS [11,13,14,23], The key factor to explain
LIPSS evolution in all of the models is the occurrence of an in­
homogeneous light intensity distribution on the surface. The
inhomogeneity in the light distribution arises from the inter­
action between the light scattered by surface roughness and
the refracted laser light. There are several ways whereby the
material can respond to the temperature modulation due to
this energy inhomogeneity [13,14]. It has also been recog­
nized that a positive feedback is necessary for the ripples to
be produced. Concurrent with this concept, we have observed
in our studies that nanoripple formation always requires mul­
tiple laser pulses, also indicating that the interaction between
roughness and light evolves with an increasing number of
pulses. The difficulty in stabilizing this nanostructure is high­
lighted by two factors, possibly interrelated: the large number
of pulses needed to form them, as just emphasized, and the
apparent requirement that there must be a native oxide layer
present.

4 Self-organized linear arrays of laser-induced
silicon nanoparticles
All the experiments in this section, with one ex­

ception, were performed using non-polarized light. The na­
tive oxide was removed in all the specimens, flat and mi­
crostructured, prior to laser irradiation to minimize oxide con­
tamination of the nanoparticles. At laser fluences close to
1 J/cm2 and using a background atmosphere of ultra high pu­
rity (UHP) He rather than vacuum, a film was deposited on
the surface of a silicon substrate [24], The background gas
backscattered atoms and probably very small clusters were
also deposited on the substrate. The film detected by AFM
using a tapping mode scan, after 200 pulses at 1 J/cm2 and
10 Torr of He background pressure, was very porous with
some areas a few nanometers thick and other areas with
a much thinner film or no film at all. The average film thick­
ness observed over all the measured specimens was of the
order of 1 nm. However the film thickness did not increase
very significantly after the first 50 pulses, giving an average
deposition rate of ~ 2 x 10-2 nm/pulse. From this deposi­
tion rate, it is difficult to evaluate the average ablation rate
during irradiation because in some regions of the specimen
ablation was taking place, while in others there was material
accumulation.

It is clear from the extensive work done on ripple for­
mation that a non-uniform deposition of energy is produced
during laser irradiation of a surface with micro- or nano-
roughness. In our case, AFM images recorded very significant
nano-roughness in all specimens, with some regions as high as
8 nm. Light scattering from this random nano-roughness will
produce a random interference pattern with the refracted light
that will generate a non-uniform energy deposition. For this
reason, it is difficult to establish a meaningful correlation be­
tween the ablation rate and laser fluence. The fact that a film
was formed at the same time as ablation was taking place in­
dicates that the laser fluence used in these experiments was
very close to the ablation threshold. The film did not seem
to increase significantly with the number of pulses, proba­
bly due to continuous ablation and clustering. Auger emission
spectroscopy revealed that beyond the first nanometer the film 

was at least 90% silicon, with no silicon bound to an oxide or
carbide.

SEM and AFM images indicate that the film clusters
•and forms nanoparticles as it is being irradiated with non­
polarized laser light [24]. We have observed film-denuded
zones, 1 to 2 pirn in diameter, containing nanoparticles that
had apparently consumed the film originally in the zone. The
distance between nanoparticles in these small regions was
close to the wavelength of the incident light, indicating a pro­
cess controlled by a non-homogeneous distribution of energy
similar to what happens during ripple formation.

As nanoparticle formation proceeded with additional ir­
radiation, the particles tended to aggregate into curvilinear
strings and became stabilized at ~ 30 nm-diameter, as meas­
ured in SEM images (Fig. 3). This behavior resulted in a fairly
uniform size distribution. The evolution of this nanostruc­
ture with additional irradiation was followed using a high-
precision SEM stage positioning mechanism. The nanoparti­
cles kept their identity and shape; however, they experienced
displacements, as illustrated in Fig. 4. They tended to align in
short curvilinear strings like pearls in a necklace, and some
ordering can be appreciated in the micrographs. At a certain
point the strings became locked and further movement or or­
dering did not occur. At higher laser fluence, e.g., 1.3 J/cm2,
they flattened and tended to fuse with the substrate.

A very dramatic change in the nanoparticle spatial distri­
bution occurred when the irradiation was done on a surface
partly covered with a well-developed cone microstructure.
The microcones were grown by laser irradiation in a 0.5 bar
SFs atmosphere, using 1200-2000 pulses at a laser energy of
~3 J/cm2; they had a height of 20-30 p.m and tips of a few
micrometers in diameter [6-8], A typical microstructure is
shown in Fig. 1c.

The irradiation in He resulted in film deposition and the
formation of linear arrays in the regions of the irradiated sub-
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FIGURE 3 Nanoparticles formed under lOOTorr He, after 450pulses at
0.6 J/cm2
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FIGURE 4 Motion of nanoparticles followed in­
side encircled region, a 500 pulses; b 700 pulses.
Fluence: 0.6 J/cm2; He pressure: 100Torr
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FIGURE 5 SEM image showing film clustering, and nanoparticle forma­
tion and ordering. Specimen irradiated with 200 pulses at 1 J/cm2 under
100 Torr He
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FIGURE 6 Laser-induced nanoparticle linear array in the vicinity of
a microstructured region of the surface. Fluence: 1 J/cm2; 0.5 Torr He;
200 pulses

strate surface adjacent to the microstructured zone. Figure 5
illustrates the evolution of the film, demonstrating that the
nanoparticles grew in the substrate, consuming the film, and
became aligned as they were being irradiated.

The nanoparticle ordered array shown in Fig. 6, has a line­
spacing close to 248 nm and extends over microscopic regions
with few perturbations in the alignment. This array developed
in the immediate vicinity of the cone microstructure region.
Characterization of the nanocrystals by using Auger electron
spectroscopy demonstrated that the nanoparticle consisted of
silicon cores covered with a very thin sheath of oxide.

Certain aspects of the nanoparticle alignment phenomenon
suggest that it could be associated with the LIPSS phe­
nomenon. Similar to the conditions reported for LIPSS de­
velopment, the alignment was initially observed just above
the melting threshold, and occurred in a narrow laser fluence
range above this threshold. In almost every case, although
not in all of them, for normal incidence, the particles aligned
along the rectangular beam short axis, which corresponded to
the direction where the E field was at a maximum. In a second
set of experiments, in which a fine wire (100 p.m) crossing the
beam was imaged on a flat Si substrate surface, a linear align­
ment of nanoclusters occurred within the interference fringe
pattern resulting from the diffraction of light by the wire. An
AFM image taken from the same specimen shown in Fig. 6 re­

veals that nanoparticles were located on the valleys of LIPSS
(Fig. 7). Lack of contrast prevented observation of the smooth
undulations of LIPSS by SEM.

At variance with the LIPSS experiments described in the
preceding section, the alignment of nanoparticles did not re­
quire polarized light; the presence of an extended defective
region was sufficient. Next, we used p-polarized light, and
aligned nanoparticles were produced on a flat surface, with­
out the need for an initial microcone structure. Nanoparticle
arrays aligned normal to the direction of the electric field.
An experiment that illustrates well the process of nanoparti­
cle production and alignment with size selection was done by
irradiating the silicon surface with polarized light at an aver­
age energy density higher than 1 J/cm2. The irradiated area
was rectangular and we utilized a beam size of approximately
7 mm x 3 mm. All over the edges, where the beam energy
tapered off and within a width of ~ 0.4 mm, an aligned ar­
ray of ~ 30-nm-diameter nanoparticles was generated. A mi­
crostructure consisting of long surface waves was produced in
the central portion of the irradiated region where the energy
was too high for particle formation. The production of this mi­
crostructure indicates that very significant ablation could have
taken place in the central region of the spot. AFM scans re­
veal an abrupt change in the spatial and size distribution of
nanoparticles at the sides of the edges of the laser shot, into
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FIGURE 7 AFM image of the same surface as in Fig. 6

the unirradiated region. Instead of the highly organized array
of small, fairly uniformly sized nanoparticles detected inside
the irradiated edge, a completely random distribution of much
larger nanoparticles with a wide size distribution was found to
cover the adjacent unirradiated area.

Using p-polarized light, the angle of incidence of the laser
beam was changed and it was found that the nanoparticle line
spacing followed (1) with the minus sign in the denominator,
i.e., the line-spacing increased as the angle of incidence was
increased. This result strongly suggests that similar mechan­
isms are responsible for the formation of nanochannels and for
nanoparticle alignment.

The results just described, whereby spontaneous align­
ment of silicon nanoparticles form regular arrays as a result of
pulsed-laser irradiation of a silicon substrate, opens the possi­
bility of using UV lasers as manipulators of nanoparticles on
a large scale, on the order of millimeters.

efit from a well developed microcone structure, using it as
a template for a finer structure.

A silicon target, microstructured as shown in Fig. 1 c, was
irradiated at 0.5 J/cm2 in a He atmosphere at 10 Torr. It was
first noticed that 2000 pulses produced the emergence at the
microcone tips of small protrusions ~ 100 nm in diameter and
a few nanometers in height (Fig. 8). The sequence of images
presented in Fig. 9 shows the growth of one nanocolumn as
a function of the number of laser pulses. Figure 9a shows
the cone tip of the initial microstructured surface for which
the nanocolumn evolution has been followed. We always ob­
served a small tip at the top of the microcones, and as we
continued the irradiation at low energy, the protrusion grew
and a flat depression was formed around it (Fig. 9b and c).
A careful examination of the images shows that the low-
energy irradiation only produced melting at the very top of the
cone tip. The fluence used in these experiments (referred to
a flat surface) was very close to the melting threshold and it de­
creased from the center of the cone tip towards the sides due
to the tip curvature. Thus, these irradiation conditions explain
the highly localized melting. As the irradiation was continued,
the depression around the protrusion disappeared (Figs. 9d-f),
and the protrusion developed into a nanocolumn, while a mul­
titude of very small protrusions appeared at its base (Fig. 9e).
Finally, after 10 000 pulses the nanocolumn had a height of
3.1 p.m and a diameter of 200 nm, giving an aspect ratio of 15.
Due to the nanosecond pulse duration, silicon transport to the
top could only have taken place in the liquid or gas phase.
The liquid could only be removed from the immediate vicin­
ity where melting took place. The small and flat depression
around the nanocolumn cannot account for the extra mass of
silicon from the nanocolumn and the protrusions that mush­
roomed around it.

The chemical composition of the nanocolumns grown in
He was measured using the electron beam of a SEM at normal
incidence, focused at the center of the nanocolumn in a spot
of 150-nm-diameter. Only the chemical composition of the
nanocolumn was measured, because the probe region extends
to ~ 1.5 pm in depth, which is significantly less than the col­
umn height. It was found that the nanocolumns were made of
silicon with less than 2 at. % of oxygen, while the amount of
oxygen measured in the substrate was less than 1 %. The error

5 Silicon nanostructuring atop a laser-produced
microcone template

The formation of microcones has been explained
by a mechanism similar to that used to explain the formation
of whiskers in silicon [6-8], The cone microstructure appears
first to present a natural limit - as far as a minimum dimension
is concerned - for laser-induced structuring of a surface with
self-organized tips. This limitation arises from the formation
and growth mechanisms of the cone and the fact that it starts
at a surface that is melted throughout. Once a cone is formed,
and its subsequent growth is accomplished by preferential
re-deposition of material at its laser-melted tip, continuing ir­
radiation under the same conditions will produce a rise in the
cone first and result in its fall at later stages. However, we
have found that a change in processing conditions could ben-

FIGURE 8 Nanocolumns growing on microcone tips. Fluence: 0.5 J/cm2,
2000 pulses. He pressure: 10 Torr
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FIGURE 9 Nanocolumn evolution
upon laser irradiation at O.5J/cm2
in 10 Torr He. a initial cone tip;
b 1000 pulses; c 2500 pulses; d 5000
pulses; e 8000 pulses; f 10000 pulses
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FIGURE 10 Tip of same nanocolumn as shown in Fig. 8, after 15 000 pulses

in the electron dispersion X-ray spectroscopy measurements
was on the order of 1 %.

The laser fluence at the bottom of the microcones is en­
hanced by multiple reflections promoting ablation, and due to
the background pressure, ablated material is partly backscat-
tered and can be trapped at the melted nanocolumn tip. It
has been calculated that the intensity at the bottom of the
microcones, tens of micrometers below the surface, is in­
creased over 4-fold [8], The process of deposition is clearly
visible after l5000pulses because a film covers a large por­
tion of the substrate. Also, after 15 000 pulses the top of the
nanocolumns become significantly enlarged and the deposi­
tion process is further revealed by the multiple small pro­
trusions that cover the tip (Fig. 10). The low ablation rate is
reflected in the extremely low growth rate of nanocolumns,
0.2 nm per pulse.

Irradiation in vacuum, for which the trapping of ablated
material is more difficult because there is no buffer gas at­
mosphere, shows that after 2500 pulses small protrusions

similar to those shown in Fig. 9c are formed at the top of
the microcones. However, in vacuum these protrusions do
not grow additionally and after 10 000 pulses they tend to
flatten.

These experimental observations suggest that the initial
protrusion at the top of the microcones (Fig. 9b and c) is most
likely a result of the solidification process of the laser-melted
pool. When the nano-protrusions reach a certain size, depo­
sition of silicon strongly increases their length by continuing
irradiation under helium, keeping the diameter approximately
constant (Fig. 9e and f). This last process appears to be similar
to that described for microcolumn growth [4].
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Hydrogen passivation and activation of oxygen comptexes in silicon
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We report first-principles calculations in terms of which we describe the role of hydrogen in
passivating or activating oxygen complexes in Si. In particular we find that attaching II to a
pre-existing oxygen cluster can change the electric activity of the cluster. Furthermore, the addition
of a hydrogen atom in the core structure of thermal donors can account for the NL10
electron-paramagnetic-resonance signal. The interaction of H with the thertnal-donor-Iike defects at
the Si—SiO2 is also discussed. © 2001 American Institute of Physics. [DOI: 10.1063/1.1355297]

Electrically active oxygen complexes in Si (double­
donor defects), known as shallow “thermal donors” (TDs),
appear after annealing Si crystals at temperatures of
400-500 °C. Since their discovery a few decades ago,1 ex­
tensive experimental2-7 and theoretical8-11 studies have been
done, but many questions about 'IDs remain unsettled. For
example, deep-level-transient-spectroscopy measurements
show that TDs can be passivated by hydrogen incorporation
only partially, i.e., a sizeable number of electrically active
defects still remains in the sample after hydrogenation.12’13
This effect is contrary to the established behavior of hydro­
gen in Si as a passivator of dopant impurities.14 Also,
electron-paramagnetic-resonance (EPR) measurements have
provided evidence that hydrogen plays a prominent role in
the formation of the Si-NLIO centers with orthorhombic
symmetry.4 These centers have been related to the TDs.5
Hydrogen is believed to passivate one of the two electrons of
the oxygen complexes and convert them into shallow single
donors. Recent infrared measurements6 also show that the
spectral features that correspond to shallow single donor lev­
els are correlated to the concentration of the Si-NLIO cen­
ters.

The earlier experimental data clearly show that hydrogen
can be incorporated into the core of TDs. In this letter we
present first-principles calculations that reveal several pos­
sible mechanisms of passivation of oxygen complexes in sili­
con. Wre find that hydrogen can attach to the TD complex
and transform double shallow donors into single donors.
Also, the attachment of a hydrogen atom can stabilize a sym­
metric core structure of TD, accounting for the orthorhombic
NL10 EPR signal. Finally, we find that H can actually acti­
vate electrically inactive oxygen complexes, converting them
into TDs, which accounts for the observed partial passiva­
tion.

The calculations were carried out in the framework of
density functional theory and the local density
approximation.15 We used a plane wave basis set, ultrasoft
pseudopotentials16 and periodic superceils of 32 and 64 at­
oms. Oxygen pseudopotentials have a history of
difficulties.111’1' The ones used for the present study have

“Electronic maik sergery-rashkeev@vanderbiii.edu
'‘"Present address: Department of Physics, Virginia Polytechnic Institute and

State University, Blacksburg, VA 24061-0435.

been thoroughly tested in earlier work on a variety of
Si-O-H systems.18,15 The energy cutoff lor the basis set was
24 Ry, and only one special k point "was used for tire evalu­
ation of the self-consistent electron density/"0 Tests with
larger number of k points indicate that formation energies
are converged to better than 0.2 eV.

Theoretical calculations111’11’17,18 have already estab­
lished that for an oxygen (rimer the staggered-chain configu­
ration [Fig. 1(a)J has the lowest energy and has no states in
the band gap. There exists, however, a metastable configura­
tion, electrically active structure that has been identified as
the smallest thermal donor11,18 [Fig. 1(b)J. The symmetric
configuration of Fig. 1(c) originally proposed in Ref. 9 as the
core of thermal donors, is actually unstable10 against a dis­
tortion that leads to the configuration of Fig. 1(b).18 Addition

(e)

[110]

FIG. I. The stable electrically inactive state of oxygen trimer in bulk
silicon-staggered chain (a), the TD from Ref. 18(b). and the symmetric TD
structure considered in Ref. 10(c). Empty circles correspond to the silicon
atoms, filled to the oxygen atoms.

0003-6951/2001/78(11)/1571/3/$18.00 1571 © 2001 American Institute of Physics
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k [001]
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A [001]

110]

[001]

FIG. 2. H interaction with the I'D structure. Hydrogen atoms are shown by
small black circles.

1572 Appl. Phys. Lett., Vol. 78, No. 11, 12 March 2001

close to the so-called C position of the Si crystal27' that has a
high, electron density and is attractive for neutral hydrogen.

The most important fact is that for H involved in all of
the O complexes considered earlier, the binding energies
(0.5-0.7 eV) and the barriers to move H atom to nearest
interstitial (0.6-0.8 eV) are quite low. They are comparable
with the diffusion barrier ( — 0.4 eV) for neutral II in Si.22
This means that H atoms can be easily activated and re­
moved from the complex. The structure immediately regains
its original electric activity, i.e., the processes of H passiva­
tion and activation of oxygen complexes are reversible. This
is in agreement with measurements12,13 which show that the
II passivation of 'IDs is imcomplete, and a sizeable number
of electrically active defects still remains in the sample after
hydrogenation.

At higher temperatures (400-500 °C), the oxygen at­
oms become mobile and can travel between interstitials, hi
such a case H can kick off and replace an oxygen atom.
When hydrogen atom replaces one oxygen atom from the
TD, the total energy of the final configuration is 0.1-0.3 eV
lower than the energy of the initial configuration. However,
the probability of such a reaction depends on too many fac­
tors and cannot be easily estimated.

In the earlier work by Ramamoorthy and Panteiides18 it
was shown that addition of a “fourth” O atom to the core of
a TD [e.g., Fig. 1(b)] pushes the central Si atom into an
interstitial position. This Si emission eliminates the electrical

FIG. 4. The symmetric (orthorhombic) TD structure stabilized by an at­
tached II atom.

.18. Redistsihnhos? subject te ASP license or espydght: see httpv/apfssp.org/spbcspyright.isp

of more O atoms in adjacent Si-Si bonds in some cases
causes emission of Si interstitial and formation of SiO2
precipitates18 and in some cases simply makes the TDs shal­
lower (see later).

In the present calculations, we investigated interactions
of atomic H with oxygen complexes. In each of the cases, we
used total energy calculations to identify low-energy stable
configurations that can occur experimentally over long times
(thermodynamic limit). In most of the cases we also esti­
mated reaction pathways and barriers because some reactions
can be prohibited by kinetic constraints.

Now let us consider the interaction of a single If atom
with O complexes. At hydrogenation regimes corresponding
to Ref. 13 (7'<200°C) oxygen cannot be kicked out by II
because the barrier for O atom to move away, i.e., the mi­
gration activation energy is very high (2.5 eV).18 In that case
II can only attach to oxygen complexes.

Attaching to electrically active double shallow donor H
can transform the defect into a single shallow donor. An
example of such a ‘ ‘partially passivated’ ’ single donor struc­
ture is shown in Fig. 2 (the result is valid for all of the cases
when H attaches between the two Si atoms that have bonds
with the three-coordinated oxygens). These single-donor
structures can contribute to the infrared optical measure­
ments of Ref, 6. Here we considered the complexes with
three oxygen atoms. Addition of extra oxygen staggered-
chain links along the (110) axis makes both the double­
donor and single-donor structures shallower, in accord with
observation that there is a whole range of shallow levels in a
family of TDs.21

In some cases, II can activate electrically inactive oxy­
gen complexes. In Si. a single H atom prefers to stay in the
middle of Si-Si bond. In the presence of O one can expect a
formation of combined staggered chains which involve both
O and II atoms. The electric activity of such chains depends
on the sequence of O and II atoms involved. For example,
the O-O-H chain [Fig. 3(a)] is a single shallow donor (ad­
dition of hydrogen activates the inactive 0-0 complex). At
the same time, the H-O-H chain [Fig. 3(b)J is completely
inactive.

We also tried to identify the Si-NLIO complex with
orthorhombic symmetry observed in EPR experiments.4 A
good candidate is the symmetric structure shown in Fig. 4
(single donor) which was obtained by attaching a H atom to
the symmetric TD structure of Fig. 1(c). The H atom stabi­
lizes the symmetric structure (without H it transforms into
asymmetric configuration), probablv because H is located
Oownfoaded 28 to l4s.18S.238; ~ .............. '
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(a)

FIG. 5. SiO2 protrusions into the Si side of a Sj-SiO2 interface: staggered
chain (a), thermal donor complex (b).

activity as the system is left only with normal Si-O-Si and
Si—Si bonds. It was proposed that the same process can ac­
count for the observed emission of Si atoms during ihin-film
oxidation. In other words, new O atoms arriving at the
Si-SiO2 interface can lead to the formation of TD-like de­
fects. We have now performed such calculations using the
model interface of Buczko et al.19 and indeed found that TD- 
like defects form as protrusions (Fig. 5). As in the bulk Si,
the TD structure is metastable. Hydrogen cart attach to these
structures but the binding energy is lower than 1 eV. At the
temperatures at which oxidation occurs (and O is mobile), H
can kick out and replace oxygen. The reaction energy for this
process is 0.3-0.5 eV, but the binding energy of H in the
new position is also lower than 1 eV. Thus, we conclude that
H can also eliminate the “frustrated O bonds” (remove
three-coordinated O) at the interface, in addition to the pro­
cess of the emission of Si interstitials described in Ref. 18.
However, the interaction between H and Si-SiO2 interfaces
has many other aspects that are reported elsewhere/'

This work was supported in part by AFOSR Grant No.
F-49620-99-1-0289, NSF Grant No. DMR-9803768, and by
the William A. and Nancy F. McMinn Endowment at
Vanderbilt University.
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Nanosecond Excimer Laser Processing for
Novel Microelectronic Fabrication

Stephen D. Russell, Ayax D. Ramirez, and
Eugene P. Kelley
SSC San Diego

INTRODUCTION
As microelectronic devices continue to shrink in lateral dimensions, there
is a concomitant requirement to similarly scale the vertical dimensions of
the devices. Manufacturing techniques to form ultra-shallow material
junctions have not kept pace with the advances with lithography for
forming defeply scaled (less than 0.25 micron) dimensions. Excimer laser
processing is a novel technique for microelectronic materials processing
because it offers spatially localized thermal processing and a very small
thermal budget (on the order of tens of nanoseconds). This technique has
been used to anneal ion-implanted dopants and to incorporate dopants
from a gaseous ambient into the semiconductor device to form electrical
junctions. It has also been used to control laser-assisted etching processes
to locally remove material from the semiconductor layer.

This paper summarizes progress in using nanosecond excimer laser pulses
in the fabrication of novel microelectronic devices such as backside-
illuminated charge coupled devices (CCDs) and silicon carbide field­
effect transistors. The SSC San Diego laser-processing laboratory employs
an excimer laser beam directed into an optical path that homogenizes and
shapes the intensity profile to provide uniform illumination across the
area to be processed without scanning the beam. This is required because
the intensity profile emitted by the excimer laser exhibits both spatial and
temporal (pulse-to-pulse) non-uniformities and must be correctly shaped.
The subsequent shaped and homogenized intensity profile is directed into
a processing chamber and then onto a semiconductor wafer or device to
be processed. The laser-processing system includes in-situ characterization
of the laser process using a reflectivity monitor to measure the melt dura­
tion of the material, which is an important process control parameter.
Additional process controls include mass flow controllers for process and
purge gases, evacuation systems, and alignment systems. Details of these
subsystems have been described elsewhere [1].

ABSTRACT
This paper summarizes
progress in using nanosecond
excimer laser processing in the
fabrication of novel micro­
electronic devices such as
backside-illuminated charge-
coupled devices and self­
aligned silicon carbide
field-effect transistors. This
technology enables spatially
localized thermal processing
and ultra-shallow junctions
amenable with next­
generation, deeply scaled
microelectronic devices.

LASER PROCESSING OF CCDS
CCDs are solid-state electronic imaging devices that read out image
charges from wells in an array of pixels. CCDs designed for solid-state
cameras, such as camcorders, are in great demand and are widely avail­
able. They have been designed to provide adequate performance when
viewing brightly illuminated scenes. However, in astronomical, scientific,
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and military applications their spectral response, dark current, and other
characteristics are not satisfactory. The gate electrodes of a CCD are used
for clocking the read-out from the imaging array in a “bucket brigade"
architecture. These electrodes may be fabricated with thin layers of alu­
minum or polysilicon, but constitute an obstacle for high-performance
CCDs, which detect the image light after passing through or around the
metal structure. This conventional design exhibits limitations for low-
light-level detection, high-resolution imaging, uniform responsivity, and
short wavelength response. To eliminate these problems, backside-
illuminated CCDs are fabricated with analogous circuitry on the front­
side, but with a thinned area above the pixel array, allowing detection of
the image light by photo-generated charges traversing from the backside
to the front-side collection electrodes. The benefits of the backside-
illuminated CCD design, however, come with substantial added complexity
in the fabrication process. For example, the backside illumination design
requires forming a thin membrane (about 10 pm thick) across the active
area of the array by wet etching the (lOO)-oriented silicon wafer with a
potassium hydroxide (KOH) solution. The KOH anisotropically etches
to the (111) crystallographic plane, thereby forming sidewalls at an angle
of 54.7 degrees with respect to the image plane. These sidewalls are
smooth and highly reflective and allow stray light to be reflected onto
the image plane, causing spurious images.

A three-dimensional plot of the optical response (i.e., responsivity) of a
typical backside-illuminated CCD under constant background illumina­
tion is shown in Figure 1, where the x and y coordinates correspond to
the pixels in the imaging array, and the z-axis is the responsivity. Two
imaging problems correlated to the reflective sidewalls are apparent: non­
uniformity characterized by a cruciform (or cross)
pattern and a relatively high background level. The
application of conventional etching techniques to
eliminate this scattering would require complex
masking and handling of thin membranes, which
have proven to be low in yield and reproducibility
and therefore costly. Alternative system configura­
tions for illumination of the imaging detector increase
overall system complexity, cost, and weight. Further­
more, manufacturability is greatly diminished because
of the need for accurate alignment tolerances during
assembly. Therefore, a novel laser-assisted etching
process has been demonstrated to avoid sidewall
scattering on backside-illuminated CCDs. FIGURE I. CCD responsivity.

■

LASER-ASSISTED ETCHING
The laser-assisted etching process requires introduction of an ambient
into a chamber with the device to be etched and illumination of the
CCD sidewall in the presence of the ambient. The process starts with
adsorption of the ambient onto the silicon; laser illumination of the
device to locally melt the silicon, causing a pyrolytic or photolytic
decomposition of the adsorbed gas; subsequent formation of halogen
radicals that react with the silicon forming volatile byproducts; desorption
of the byproducts, thereby etching about one monolayer of the silicon;
and re-adsorption of the ambient and repetition of the cycle. This cycle is 
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typically repeated thousands or tens of thousands of times to achieve the
required etch depth. Details of the etching process have been described in
detail elsewhere [2]. Chloropentafluoroethane (C2CIF5) was chosen as
the etching ambient because it is non-corrosive, has a high etch rate, and
results in a roughened (textured) surface. The non-corrosive nature
(except in the presence of laser illumination) enables localized processing
of fully fabricated CCDs without damage to any portion. A step-and-
repeat process was employed to illuminate regions of the CCD sidewall
with about 5000 laser pulses at each position, resulting in an etch depth
of about 0.5 mm that produced the desired mat (non-reflective) texture.
Figure 2 shows a scanning electron microscope (SEM) cross section of
the microscopically etched features that serve as a trap to scattered light.
The CCD received a total of about 100,000 laser pulses, corresponding to 

FIGURE 2. SEM of laser-etched surface.

less than 5 minutes of processing per device (at 400
Hz). The responsivity of a laser-textured backside-
illuminated CCD is shown in Figure 3. This exhibits
less than 1% responsivity uniformities and a 10
times lower background level than unprocessed
devices, showing the benefit of the laser-etching
process [3].

LASER-ANNEALING AND ACTIVATION OF
ION-IMPLANTED DOPANTS
High-performance, low-light-detecting CCDs are
also susceptible to dark current, i.e., the thermally
generated charge carriers under zero illumination.
Excessive dark current will destroy the dynamic

"S'

FIGURE 3. Laser-etched CCD responsivity.

fl

range of the imager, thereby masking low-light-level signals. In addition,
variations across the array will degrade image quality and can be misin­
terpreted by subsequent signal processing circuitry. Dark current effects
in CCDs range from individual pixels with excessive dark current to high
average dark current and variations in dark current across the imaging
array. While dark current is normally associated with front-side circuitry,
crystalline damage arising from un-annealed ion-implanted dopants can
lead to generation sites for dark current. Therefore, fabrication techniques
to improve the dark current of CCDs are highly desirable. Backside-
illuminated CCDs containing a 90-pixel x 90-pixel array were fabricated
and used as a test vehicle for a laser-annealing process. The CCDs were
conventional four-phase buried-channel devices. In addition to the dark
current reported in this paper, the CCDs were fully tested for functionality
before and after laser processing to ensure no damage to either the imag­
ing area or the associated electronics. Devices were selected that exhibited
dark current defects, i.e., excessive average dark current, non-uniformities,
and/or individual pixels with excessive dark current. The test devices
were then laser processed in accordance with the parameters in Table 1
and retested [4],

Results of a typical (not best case) laser-annealed sample are discussed
here. This sample was chosen because of the unique spiral defect struc­
ture that was "repaired” by laser processing. Figure 4 shows a map of the
dark current for this 90-pixel x 90-pixel array before laser processing,
with colors corresponding to dark currents ranging from less than 7 to
greater than 11 nA/cm2. Numerous defective pixels (designated in red), FIGURE 4. CCD dark current
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with dark currents exceeding 11 nA/cm2 are present. Figure 5 shows the
dark current map following the laser process. Note that all defective pix­
els were improved. The mean dark current of the 8100 pixels in the array
decreased from 9.958 nA/cm2 to 9.658 nA/cm2. The standard deviation
of the dark current, which is representative of the uniformity in the array,
decreased from 4.826 nA/cm2 to 0.812 nA/cm2. Note, because the front­
side metal is already formed on the CCD, conventional furnace anneals
are restricted below 400° C and therefore prevent the elimination of the
cited defects using conventional furnace annealing.

TABLE 1. Laser Processing Parameters.

Parameter Typical Value
1

Range

implant dose and species 5xl013 ions/cm2 boron IxlO13 to IxlO15 ions/
cm2 boron or boron
difluoride

implant depth 120 nm 5 to 150 nm

process ambient helium inert or dopant gases

sample temperature 23°C < 400°C (restricted
by device)

laser fluence 1.0 J/cm2 0.7 to 2.0 J/cm2

laser wavelength 248 nm 157 to 351 nm

laser intensity profile tophat, <5%
nonuniformity

< 10% nonuniformity

laser temporal profile 23 ns 10 to 30 ns

I number of laser pulses 10 1 to 10 |

FIGURE 5. Laser-annealed CCD dark current.

GAS IMMERSION LASER DOPING (GILD) IN SILICON CARBIDE
Silicon carbide (SiC) is a semiconductor of wide interest because of its
applicability in high-temperature, high-power, and photonic devices and
circuits. However, difficulties in fabrication, as compared to silicon, have
prevented the full realization of its capabilities in these areas. The high
melting point and limited diffusion of impurities have greatly limited the
use of ion implantation and furnace annealing commonly employed in
the silicon microelectronics industry as a means of incorporating and
activating dopants. Such fabrication processes are desirable to produce
self-aligned field-effect transistor structures for use in discrete power
devices or digital logic. Limited success with ion implanting n-type
dopants in SiC, such as arsenic, has been obtained but requires furnace
anneals of greater than 1300° C for activation. However, ion implantation
and furnace annealing of p-type dopants has demonstrated only about
5% activation, insufficient for practical device fabrication. Alternative
techniques are therefore desired to obtain dopant activation, in particular
p-type impurities, in SiC.

6H-SiC samples were placed in a processing chamber that was evacuated
to <10-7 Torr and back-filled with a 10 psi ^B-enriched boron trifluoride
atmosphere. The samples were illuminated at 1.3 J/cm2 with between 1
and 10 laser pulses with the sample in the doping ambient. This process,
called gas immersion laser doping (GILD), enables the dissociation of the
dopant ambient and simultaneous incorporation of the dopant atoms into
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the semiconductor, thereby eliminating ion implantation. Point-contact
current-voltage measurements (PCIV) were performed in the laser-
illuminated region. PCIV, a technique analogous to spreading resistance
profilometry, is used to determine the concentration of electrically acti­
vated carriers in compound semiconductors using a two-point current­
voltage probe along a polished bevel. Figure 6 shows the electrically
active carrier concentration vs. depth obtained from the PCIV voltage
profiling for one pulse. Boron activation is observed with a maximum
carrier concentration of 3.4 x 1018 cm-3 with a junction depth of ~90 nm.
The abruptness of the pn junction edge is characteristic of a laser-formed
junction where enhanced diffusion occurs during the molten phase.
Given the nearly uniform distribution throughout the melted region, a
boron diffusion coefficient of ~2.3 x IO"3 cm2/sec was calculated, which
is an order of magnitude greater than that reported for boron in silicon.
Little change in carrier concentration is observed with increasing pulses,
and demonstrates that a single laser pulse can incorporate and simultane­
ously activate dopants in SiC [5]. This technique may be applied to the
fabrication of low-resistance contacts or shallow junctions in the source
and drain regions of SiC field-effect devices.
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FIGURE 6. GILD pn junction in SiC.

SUMMARY
The localized, nanosecond thermal processing offered by an excimer laser
has demonstrated the ability to perform localized etching of silicon and
to anneal ion implanted dopants in a backside-illuminated CCD. These
techniques have improved the optical performance (responsivity unifor­
mity) and their electrical performance (reduced dark current and pixel
defects). The excimer laser has also demonstrated the ability to incorpo­
rate dopants from a gaseous ambient into SiC to form electrical junctions.
This advanced processing technique will enable advances in deeply scaled
integrated circuit processing.
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Nanosecond Excimer Laser Processing for
Novel Microelectronic Fabrication

Stephen D. Russell, Ayax D. Ramirez, and
Eugene P. Kelley
SSC San Diego

INTRODUCTION
As microelectronic devices continue to shrink in lateral dimensions, there
is a concomitant requirement to similarly scale the vertical dimensions of
the devices. Manufacturing techniques to form ultra-shallow material
junctions have not kept pace with the advances with lithography for
forming cfetiply scaled (less than 0.25 micron) dimensions. Excimer laser
processing is a novel technique for microelectronic materials processing
because it offers spatially localized thermal processing and a very small
thermal budget (on the order of tens of nanoseconds). This technique has
been used to anneal ion-implanted dopants and to incorporate dopants
from a gaseous ambient into the semiconductor device to form electrical
junctions. It has also been used to control laser-assisted etching processes
to locally remove material from the semiconductor layer.

This paper summarizes progress in using nanosecond excimer laser pulses
in the fabrication of novel microelectronic devices such as backside-
illuminated charge coupled devices (CCDs) and silicon carbide field­
effect transistors. The SSC San Diego laser-processing laboratory employs

' an excimer laser beam directed into an optical path that homogenizes and
shapes the intensity profile to provide uniform illumination across the
area to be processed without scanning die beam. This is required because
the intensity profile emitted by the excimer laser exhibits both spatial and
temporal (pulse-to-pulse) non-uniformities and must be correctly shaped.
The subsequent shaped and homogenized intensity profile is directed into
a processing chamber and then onto a semiconductor wafer or device to
be processed. The laser-processing system includes in-situ characterization
of the laser process using a reflectivity monitor to measure the melt dura­
tion of the material, which is an important process control parameter.
Additional process controls include mass flow controllers for process and
purge gases, evacuation systems, and alignment systems. Details of these
subsystems have been described elsewhere [1J.

ABSTRACT

This paper summarizes
progress in using nanosecond
excimer laser processing in the
fabrication of novel micro­
electronic devices such as
backside-illuminated charge-
coupled devices and self­
aligned silicon carbide
field-effect transistors. This
technology enables spatially
localized thermal processing
and ultra-shallow junctions
amenable with next­
generation, deeply scaled
microelectronic devices.

LASER PROCESSING OF CCDS
CCDs are solid-state electronic imaging devices that read out image
charges from wells in an array of pixels. CCDs designed for solid-state
cameras, such as camcorders, are in great demand and. are widely avail­
able. They have been designed to provide adequate performance when
viewing brightly illuminated scenes. However, in astronomical, scientific, 
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and military applications their spectral response, dark current, and other
characteristics are not satisfactory. The gate electrodes of a CCD are used
for clocking the read-out from the imaging array in a “bucket brigade"
architecture. These electrodes may be fabricated with thin layers of alu­
minum. or polysilicon, but constitute an obstacle for high-performance
CCDs, which detect the image light after passing through or around the
metal structure. This conventional design exhibits limitations for low-
light-level detection, high-resolution imaging, uniform responsivity, and
short wavelength response. To eliminate these problems, backside-
illuminated CCDs are fabricated with analogous circuitry on the front­
side, but with a thinned area above the pixel array, allowing detection of
the image light by photo-generated charges traversing from the backside
to the front-side collection electrodes. Hie benefits of the backside-
illuminated CCD design, however, come with substantial added complexity
in the fabrication process. For example, the backside illumination design
requires forming a thin membrane (about 10 pm thick) across the active
area of the array by wet etching the (lOO)-oriented silicon wafer with a
potassium hydroxide (KOH) solution. The KOH anisotropically etches
to the (111) crystallographic plane, thereby forming sidewalls at an angle
of 54.7 degrees with respect to the image plane. These sidewalls are
smooth and highly reflective and allow stray light to be reflected onto
the image plane, causing spurious images.

A three-dimensional plot of the optical response (i.e,, responsivity) of a
typical backside-illuminated CCD under constant background illumina­
tion is shown in Figure 1, where the x and y coordinates correspond to
the pixels in the imaging array, and the z-axis is the responsivity. Two
imaging problems correlated to the reflective sidewalls are apparent: non­
uniformity characterized by a cruciform (or cross)
pattern and a relatively high background level. The
application of conventional etching techniques to
eliminate this scattering would require complex
masking and handling of thin membranes, which
have proven to be low in yield and reproducibility 

overall system complexity, cost, and weight. Further­
more, manufacturability is greatly diminished because
of the need for accurate alignment tolerances during
assembly. Therefore, a novel laser-assisted etching
process has been demonstrated to avoid sidewall
scattering on backside-illuminated CCDs. FIGURE 1. CCD responsivity.

iand therefore costly. Alternative system configura­
tions for illumination of the imaging detector increase 

LASEft-ASSISTED ETCHING
The laser-assisted etching process requires introduction of an ambient
into a chamber with the device to be etched and illumination of the
CCD sidewall in the presence of the ambient. The process starts with
adsorption of the ambient onto the silicon; laser illumination of the
device to locally melt the silicon, causing a pyrolytic or photolytic
decomposition of the adsorbed gas; subsequent formation of halogen
radicals that react with the silicon forming volatile byproducts; desorption
of the byproducts, thereby etching about one monolayer of the silicon;
and re-adsorption of the ambient and repetition of the cycle. This cycle is 
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typically repeated thousands or tens of thousands of times to achieve the
required etch depth. Details of the etching process have been described in
detail elsewhere [2]. Chloropentafluoroethane (C2CIF5) was chosen as
the etching ambient because it is non-corrosive, has a .high etch rate, and
results in a roughened (textured) surface. The non-corrosive nature
(except in the presence of laser illumination) enables localized processing
of fully fabricated CCDs without damage to any portion, A step-and-
repeat process was employed to illuminate regions of the CCD sidewall
with about 5000 laser pulses at each position, resulting in an etch depth
of about 0.5 mm that produced the desired mat (non-reflective) texture.
Figure 2 sho ws a scanning electron microscope (SEM) cross section, of
the microscopically etched features that serve as a trap to scattered light.
The CCD received a total of about 100,000 laser pulses, corresponding to 

FIGURE 2. SEM of laser-etched surface.

less than 5 minutes of processing per device (at 400
Hz). The responsivity of a laser-textured backside-
illuminated CCD is shown in Figure 3. This exhibits
less than 1% responsivity uniformities and a 10
times lower background level than unprocessed
devices, showing the benefit of the laser-etching
process [3],

LASER-ANNEALING AND ACTIVATION OF
ION-IMPLANTED DOPANTS
High-performance, low-light-detecting CCDs are
also susceptible to dark current, i.e., the thermally
generated charge carriers under zero illumination.
Excessive dark current will destroy the dynamic
range of the imager, thereby masking low-light-level signals. In addition,
variations across the array will degrade image quality and can be misin­
terpreted by subsequent signal processing circuitry. Dark current effects
in CCDs range from, individual pixels with excessive dark current to high
average dark current and variations in dark current across the imaging
array. While dark current is normally associated with front-side circuitry,
crystalline damage arising from un-annealed ion-implanted dopants can
lead to generation sites for dark current. Therefore, fabrication techniques
to improve the dark current of CCDs are highly desirable. Backside-
illuminated CCDs containing a 90-pixel x 90-pixel array were fabricated
and used as a test vehicle for a laser-annealing process. The CCDs were
conventional four-phase buried-channel devices. In addition to the dark
current reported in this paper, the CCDs were fully tested for functionality
before and after laser processing to ensure no damage to either the imag­
ing area or the associated electronics. Devices were selected that exhibited
dark current defects, i.e., excessive average dark current, non-uniformities,
and/or individual pixels with excessive dark current. The test devices
were then laser processed in accordance with the parameters in Table 1
and retested [4],

Results of a typical (not best case) laser-annealed sample are discussed
here. This sample was chosen because of the unique spiral defect struc­
ture that was "repaired" by laser processing. Figure 4 shows a map of the
dark current for this 90-pixel x 90-pixel array before laser processing,
with colors corresponding to dark currents ranging from, less than 7 to
greater than 11 nA/cm2. Numerous defective pixels (designated in red), FIGURE 4. CCD dark current.
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with dark currents exceeding 11 nA/cm2 are present. Figure 5 shows the
dark current map following the laser process. Note that all defective pix­
els were improved. The mean dark current of the 8.100 pixels in the array
decreased from 9.958 nA/cm2 to 9.658 nA/cm2. The standard deviation
of the dark current, which is representative of the uniformity in the array,
decreased from 4.826 nA/cm2 to 0.812 nA/cm2. Note, because the front­
side metal is already formed on the CCD, conventional famace anneals
are restricted below 400° C and therefore prevent the elimination of the
cited defects using conventional furnace annealing.

TABLE 1. Laser Processing Parameters.

Parameter Typical Value
1

Range

implant dose and species 5x10s3 ions/cm'- boron 1x10s3 to IxlO15 ions/
cm2 boron or boron
difiuoride

implant depth 120 nm 5 to 150 nm

process ambient helium inert or dopant gases

sample temperature 23®C < 400°C (restricted
by device)

laser fluence 1.0 J/cm2 0.7 to 2.0 J/cm2

laser wavelength 248 nsn 1S7 to 351 am

laser intensity profile tophat, <5%
nonuniformity

< 10% nonuniformity

laser temporal profile 23 ns 10 to 30 ns

number of laser pulses 10 1 to 10

FIGURE 5. Laser-annealed CCD dark current.

GAS IMMERSION LASER DOPING (GILD) IN SILICON CARBIDE
Silicon carbide (SiC) is a semiconductor of wide interest because of its
applicability in high-temperature, high-power, and photonic devices and
circuits. However, difficulties in fabrication, as compared to silicon, have
prevented the fall realization of its capabilities in these areas. The high
melting point and limited diffusion of impurities have greatly limited the
use of ion implantation and famace annealing commonly employed in
the silicon microelectronics industry as a means of incorporating and
activating dopants. Such fabrication processes are desirable to produce
self-aligned field-effect transistor structures for use in discrete power
devices or digital logic. Limited success with ion implanting n-type
dopants in SiC, such as arsenic, has been obtained but requires furnace
anneals of greater than 1300° C for activation. However, ion implantation
and furnace annealing of p-type dopants has demonstrated only about
5% activation, insufficient for practical device fabrication. Alternative
techniques are therefore desired to obtain dopant activation, in particular
p-type impurities, in SiC.

6H-SiC samples were placed in a processing chamber that was evacuated
to <10-7 Torr and back-filled with a 10 psi 13B-enriched boron trifluoride
atmosphere. The samples were illuminated at 1.3 J/cm2 with between 1
and 10 laser pulses with the sample in the doping ambient. This process,
called gas immersion laser doping (GILD), enables the dissociation of the
dopant ambient and simultaneous incorporation of the dopant atoms into
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the semiconductor, thereby eliminating ion implantation. Point-contact
current-voltage measurements (PCIV) were performed in the laser-
illuminated region. PCIV, a technique analogous to spreading resistance
profilometry, is used to determine the concentration of electrically acti­
vated carriers in compound semiconductors using a two-point current­
voltage probe along a polished bevel. Figure 6 shows the electrically
active carrier concentration vs. depth obtained from the PCIV voltage
profiling for one pulse. Boron activation, is observed with a. maximum
carrier concentration of 3.4 x 101® cm-3 with a junction depth of ~90 nm.
The abruptness of the pn junction edge is characteristic of a laser-formed
junction where enhanced diffusion occurs during the molten phase.
Given the nearly uniform, distribution throughout the melted region, a
boron diffusion coefficient of -2.3 x 10~3 cm2/sec was calculated, which
is an order of magnitude greater than that reported for boron in silicon.
Little change in carrier concentration is observed with increasing pulses,
and demonstrates that a single laser pulse can incorporate and simultane­
ously activate dopants in SiC [5]. This technique may be applied to the
fabrication of low-resistance contacts or shallow junctions in the source
and drain regions of SiC field-effect devices.
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FIGURE 6. GILD pn junction in SiC.

SUMMARY
The localized, nanosecond thermal, processing offered by an excimer laser
has demonstrated the ability to perform, localized etching of silicon and
to anneal ion implanted dopants in a backside-illuminated CCD. These
techniques have improved the optical performance (responsivity unifor­
mity) and. their electrical performance (reduced dark current and pixel
defects). The excimer laser has also demonstrated the ability to incorpo­
rate dopants from a gaseous ambient into SiC to form electrical junctions.
This advanced processing technique will enable advances in deeply scaled
integrated circuit processing.
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Enhancement of light trapping in thin-film hydrogenated microcrystalline
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In this article, the light-trapping effect of textured back surface reflectors in thin-film Si solar cells
is investigated. A unique substrate with a periodic dimple pattern has been developed by utilizing
anodic oxidation of Al as a self-ordering process, n-i-p hydrogenated microcrystalline Si (/tc-Si :H)
cells fabricated on the Al substrate with a period of 0.9 pm show an improved infrared response
compared to those fabricated on randomly textured substrates. A high short circuit current density
of 24.3 mA/ctn2 has been achieved in a l-/ttn-thick /tc-Si:H cell by adopting the patterned Al
substrate. © 2008 American Institute of Physics. [DOI: 10. l()fv/1.2W?35l]

Thin-film Si solar cells with tandem structures are prom­
ising candidates for future low-cost and high-efficiency solar
cells.1’" In the high-efficiency tandem cells, hydrogenated
microcrystalline Si (jttc-Si :H) plays a key role as an absorber
material in the bottom or middle cell. For /tc-Si:H cells,
light trapping is crucial to obtain a high current density, as
the absorption coefficient of ^c-Si:H is small in the near
infrared (NIR) region. To date, to enhance the light trapping,
various randomly textured substrates have been fabricated
including SnO2 -i and ZnO?" When incorporated into
/tc-Si: H solar cells, such textured surfaces significantly in­
crease the optical path length of the incident light due to (i)
light scattering on textured surface at oblique angles and (ii)
enhanced total internal reflection at the interface within the
cells. However, for /xc-Si:H solar cells, more efficient light
trapping is required to maximize the current density, which is
of importance to obtain high efficiencies. To surpass the limi­
tation of conventional random textures, optically functional
periodic structures, such as surface gratings’*1 and photonic
crystals,1" have been applied to thin-film Si solar cells. Nev­
ertheless, the advantage of periodic structures over random
textures has remained rather ambiguous. The purpose of our
work is to develop back surface reflectors (BSRs) with grat­
ing structures that, exhibit improved light trapping properties
and to demonstrate their effectiveness in actual /tc-Si:H so­
lar cells. In this work, we utilize anodic oxidation of Al as a
self-ordering process to prepare BSRs with grating struc­
tures. The anodic oxidation allows systematic control of the
grating period and height by simply changing the wet pro­
cessing conditions.'11Using this approach, self-ordered
dimple patterns with submicron sizes are prepared on Al sub­
strates with high uniformity as well as large substrate sizes.

According to grating theories, a surface grating structure
with a period of A >0.3 is required to generate dif­
fracted light inside /rc-Si :H in the NIR region. This means
that BSRs with a grating structure with A >0.3 ftsn can re­
flect the incident light obliquely, resulting in a longer optical
path length in the juc-Si :H cells. To estimate the diffraction
behavior of BSRs with grating structures quantitatively, we
have performed numerical simulations based on rigorous

“'Eiecewuc mail: hiwshs-sai@aist.gov.jp. 

coupled-wave analysis ” using the optical constants of Agu
and crystalline St.' Figure I shows the calculated diffraction
behaviors of Ag BSRs with periods of (a) A ~0.3 /im and
(b) A-0.9 embedded tn Si as schematically shown in
the inset. For simplicity, here we assume that the gratings
have a two-dimensionally (2D) symmetrical pyramid struc­
ture with a constant aspect ratio ft/A-0.25, where h denotes
the grating height Its this figure, the gray scale indicates the
light intensity reflected at each angle. The pairs of integers in
the brackets denote the corresponding diffraction orders for
2D gratings (m,n), where m and n denote the diffraction
orders for the x- and y-directions. As shown in Fig. I kri, the
grating with A-0.3 pxa generates the first order diffraction
at relatively large angles in a wavelength range of X
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2. SEM images of patterned Al sabsirates Mwicaad by anodic oxida­
tion proem with average periods of (a) A=0,3 fm and (b) A=0.9 ;:sb and
(c) Asahi-U-#ype textured StsOj on glass.

-0.6-1.1 /xm, which can contribute to an increase in the
optical path length. However, almost a half of incident light
is specularly reflected. Alternatively, as shown in Fig. 1(b),
the grating with A=0.9 juns shows multiple lines in the NIR
region because this periodicity can satisfy a number of dif­
fraction conditions. This behavior indicates that a BSR with
A-0.9 /tm can effectively diffract incident light at larger
angles not only for normal incidence but also for obliquely
incident light In addition, it suppresses specular reflection
almost perfectly in the wavelength range shown in this fig­
ure. From these results, gratings with A=0.9 /un are more
preferable than those with A=0.3 /an for light trapping in
thin-film Si solar cells.

BSRs with grating structures were fabricated by the fol­
lowing procedure. Electrochemically polished Al sheets are
first anodically oxidized at a constant voltage in an electro­
lyte solution. ,L By the anodization, an A12O3 film with
pore arrays is formed on the Al surfaces. During the oxida­
tion. a seif-ordered dimple pattern is simultaneously formed
on the Al surface beneath the A12Oj film. The ALO3 film is
easily etched off with a mixture of chromium and phosphoric
acid solutions, leaving a bare patterned Al substrate. In this
work, patterned Al substrates with average dimple sizes, t.e.,
periods of A=0.3 and 0.9 /rm, were prepared by anodization
in a 2.6 wt % oxalic acid solution at 120 V" and in a
4 wt % citric acid solution at 370 V,1' respectively.

n-s-p substrate-type /tc-Si:H ceils with an active area of
1 cm3 were fabricated on the patterned Al substrates coated
with a Ag/ZaO stacked film by conventional plasma-
enhanced chemical vapor deposition. The structure of the
solar cell consists of Al substrate/Ag(100 nm)£ZnO(40
nm)//tc-Si:H n-i-p layers/In-OjzSnfTS nm)/Ag grid. The
/tc-Si:H Mayers with thicknesses of q=0.5-4 /xm were
deposited on the substrates using a Sill, and H2 gas
mixture (SiHrfHjs 10.5/380 SCCM) (SCCM denotes
cubic centimeter per minute at STP) at a substrate
temperature of 170 °C, a pressure of 1.5 torr, and a rf
power density of 0.04 W/cm2. For comparison, n-t-p
/rc-Si :H cells were also fabricated on flat-glass/Ag/ZnO
and lextured-SnOjfAsahi-U)/ Ag/ZnO substrates' in the
same manner.

Figure 2 shows scanning electron microscope (SEM) im-
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ages of Al surfaces obtained after the anodic oxidation pro­
cess at (a) 120 and (b) 370 V and (c) Asahi-U type textured
SnOj substrate. It can be seen in Figs. 2(a) and 2)h) that
self-ordered dimple patterns with A—0.3 and 0.9 /tm are
uniformly formed on Al sheets by the anodic oxidation pro­
cess. The average depths of the dimple patterns with A
—0.3 and 0.9 /jm are 0.05 and 0.2 pm, respectively.

Figure 3 shows the angular distribution of the reflected
light intensities from the patterned Al and Asahi-U substrates
with a Ag/ZnO coating. In this experiment, a laser beam with
k=375 nm was med as a light source and the incident angle
was set near the normal ($=5*).  It should be noted that the
wavelength of X=375 nm corresponds to NIR light (X
—1.3 jum) when propagating in /rc-Si :H films because the
refractive index is —33. It can be seen from Fig. 3 that the
patterned Al substrate with A=0.9 /an reflects the incident
light at larger angles more effectively than that with A
=0.3 /xm. This result qualitatively agrees with Fig. I, al­
though any dear diffraction peaks are not observed due to
insufficient long-range periodicity. The patterned Al sub­
strate with A=0.9 /im also exhibits stronger reflection at
larger angles compared to the Asahi-U substrate. This prop­
erty is useful to increase the optical path length within the
Mayer of /xc-Si:H solar cells and enhance the total internal
reflection at the interface between the /xc-Si:H film and the
transparent conductive oxide top electrode.

Figure 4 shows the external quantum efficiency (EQE)
spectra of the /tc-Si:H ceils with r.sl.0 /rm fabricated on
the flat, Asahi-U, and patterned Al substrates with A=0.3
and 0.9 /on. It can be seen in Fig. 4 that the patterned Al
substrates enhance the EQE in the wavelength range from
0,6 to 1.1 /tm compared to the flat substrate. In addition,
this EQE gain is significantly improved by increasing A, as
expected from Fig. 3. The patterned Al substrate with A
=0.9 /tm shows higher EQE than Asahi-U-typc randomly
textured substrate. The corresponding short circuit current
densities Jgc of the flat, Asaht-U, and patterned Al with A
=0.3 and 0.9 /zm are 18.6, 22J, 21.0, and 24.3 mA/cm2,
respectively.

Figure 5 shows the EQE ratios of the n-i-p /xc-Si :H
solar cells fabricated on the patterned Al substrate with A
=0.9 /tm to the Asahi-U substrate for Mayer thicknesses of
/f=0.5-4 /rm. The EQE ratio increases almost monotoni­
cally with increasing wavelength in the NIR region. How­
ever, the EQE gain over the Asahi-U substrate becomes
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cated os a fiat. Asahi-U, and the patterned Al substrates wife A =0.3 and
0.9 psu measured under while bias light The values in the brackets show
she corresponding short circuit omens densitici.

smaller with increasing tt because less of the incident light
reaches the BSR of the cells. Nevertheless, as confirmed by
Fig. 5, the patterned Al substrate clearly enhances the spec­
tral response in the NIR region, even for the thickest cell
with rs—4 pm.

It is well known that textured substrates often deteriorate
the open circuit voltage Vqc and the fill factor (FF) of thin-
film Si solar cells. The characteristics of the several n-i-p
£tc-Si:H solar cells fabricated in this study are listed in Table
I. fa the case of r,=0.5 /xm, the cell on the Al substrate with
A-0.9 jum shows the almost same ¥oc and FF as the cell
on the Asahi-U in spile of the large gain in Jsc. As a result,
the cell efficiency is improved by using the patterned Al
substrate. According to the previous report," U-shaped tex­
ture is advantageous to avoid defect formation in the Mayer
and deterioration of Vqc and FF in (tun-film Si solar cells.
The better performance of the 0.5-^m-thick cell on the Al
substrate is attributable to this effect since the dimples on the
Al substrate also have a quite smooth IJ-shape as shown in
Fig. I (bl. Alternatively, in the case of t(=2 p.m, a larger
decrease in Vqq and FF is observed for the cel! fabricated on
the Al substrate. This result suggests that defect formation
occurs during the growth of thick Mayer. Further improve­
ment of the overall cell performance can be realized by the
optimization of the period, depth, and shape of die patterned
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FIG. 5. EQE ratios of fee n-i-p /xc-Si.H solar cells fabricated on the pat­
terned At substrate with A=0.9 fsn to the Asahi-U substrate for t-Iayer
thicknesses of ^=0.5-4

TABLE L Characteristics of n-t-p juc-Si:H solar cells fabricated an the
patterned Al with A=0.9 fan and Asahi-iJ substrates measured under AM
1.5 100 mW/cu? illumination.

Substrate
0

fam)
Vnc
(V) (mA/cffi2) FF

Efficiency
(%)

Patterned Al 8.5 0322 20.6 0.751 8.1
(A=0.9 ga) 2 0.491 26.2 0.670 8,6

0.5 0.525 18.8 0.744 7.3
Asahi-U 2 0.558 25.2 0.697 9.1

Al substrates. In addition, modification of ^c-Si:H deposi­
tion condition can be beneficial, although we used a constant
deposition condition optimized for Asahi-U substrates in this
study.

In summary, we have investigated the light trapping ef­
fect of periodically structured BSRs in thin-film Si solar
cells. Numerical calculations quantitatively show that Ag
gratings with A-0.9 pm can reflect NIR tight at oblique
angles efficiently. To demonstrate this effect, we have devel­
oped a BSR with a unique periodic dimple pattern by utiliz­
ing anodic oxidation of Al. It is found that n-i-p /ro-Si:H
cells fabricated on patterned Al substrates with A=0.9 /xm
exhibit an improved spectral response in the NIR region
compared to those fabricated on randomly textured sub­
strates. As a result, a high Jsc of 24.3 mA/aa2 has been
achieved in a 1 -jum-thick jxc-Si:H cell. In this study, we did
not investigate the effect of the shape and depth of BSR
structures in detail. Therefore we expect that there is a plenty
of room to improve the light-trapping effect in thin-film Si
solar ceils.

The authors thank Dr. Koida and Dr. Turkevych of
RCPVs in AIST for their help and advice in this work. This
work was supported by New Energy and Industrial Technol­
ogy Development Organization (NEDO) under Ministry of
Economy, Trade and Industry (MEH), Japan.
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Whiskerlike structure growth on silicon exposed to ArF excimer
laser irradiation

F. Sanchez,®! J. L. Morenza, R. Aguiar, J. C. Delgado, and M. Varela
Universitat de Barcelona, Departament de Fisica Aplicada i Electronica, Avda. Diagonal 647,
E-08028 Barcelona, Spain

(Received 12 April 1996; accepted for publication 20 .May 1996)

The effects of ArF excimer laser irradiation on silicon single crystals in air have been studied. The
etch rate versus fluence curve shows three well defined zones, with very different etch rates and
dependences, in the intermediate zone (from 1.5 to 2.5 J/cm2), narrow (1-2 /zm diameter) and tall
columns (3-30 /xm) start to grow after irradiation with some hundreds of laser pulses. These
whiskerlike columns, with height between one and two orders of magnitude higher than the depth
of the crater, have not been formed by preferential etching of the surrounding material, but through
hydrodynamical processes. © 1996 American Institute of Physics. [80003-6951(96)01431-3]

Matter irradiation with a laser beam has been extensively
studied because of its many useful applications. In the low
laser fluence regime, material emission is limited, but surface
target properties can be substantially altered. Applications in
this regime include recrystallization, oxidation, doping, hard­
ening, and smoothing. At high laser fluence levels, the target
is ablated and a considerable amount of material is removed.
Targets can be cut, patterned according to complicated ge­
ometries, and high quality films can be deposited from the
ejected material.

After irradiation of a solid with a large number of laser
pulses, surface is not usually flat, but important roughness
can be found due to the formation of a distribution of cones.
It is generally thought that there are microscopical local ar­
eas (impurities, different chemical composition) more resis­
tant to ablation, and they are ablated more slowly than the
surrounding material.1 It is important to minimize cone for­
mation when laser ablation is used as deposition technique
because otherwise droplet emission is higher and deposition
rate is lower.

Silicon is a material of great interest because of its im­
portant role in microelectronics, ft has very high ultraviolet
absorption coefficient and thermal conductivity. Its melting
by laser radiation has been extensively studied.2 However,
information about surface modification and ablation at higher
fluence levels is limited to a short number of papers. ’"5

In this work we study, the surface modification of silicon
single crystals in air by ArF excimer laser irradiation. The
laser generated 23 ns pulses at 193 nm. An 8X4 mm' mask
was used in order to select the most homogeneous part of the
beam. The mask was imaged with a lens system on Si(l00)
along the normal direction. The Si(100) targets were glued to
a copper holder and vertically placed in an XYZ manipula­
tor. Spots with dimensions around 0.5 mm were obtained.
Laser fluences in the range 0.7-6 J/cm2 were used in this
study. The repetition rate was 5 Hz and the number of shots
was changed between I and 4000. The energy was measured
with a pyroelectric energy meter. Crater depth and roughness
were determined by stylus profilometry, and surface mor­
phology by scanning electron microscopy (SEM).

"’Electronic mail: fsanehcz@electra.fae.ub.es

The etch rate per pulse has been calculated for craters
formed by 200 laser pulses. Its dependence versus fluence
has been plotted in Fig. 1. Three different zones can be dis­
tinguished, defined by two fluence thresholds of Fs
®“1.5 J/crtrt and F-p^l.S J/cm2. In the first one, the etch
depth is not measurable. In the intermediate one (fluences
between F\ and F2) the etch rate is very low (below 2 nm/
pulse), and an Arrhenius-type dependence is observed. In the
third one the etch rate increases rapidly (at 2,8 J/cm2 is al­
ready 20 nm/pulse) and follows the Beer-Lambert law.

Surface morphology in the irradiated area is clearly dif­
ferent in the three fluence ranges defined by Ft and F2.
Although no etch depth is measured for F<Fi; the surface is
noticeably modified after cumulative irradiation. In fact, the
melting threshold6 at 193 nm and 20 ns pulses is c«0.4
J/cm2, well below F(. We observe clear melting signs after
irradiation with some thousands of pulses at 0.7 J/cm2, and
ripples develop for fluences near

A deep crater is formed at fluences higher than F2. The
V shape profile and the accumulation of solidified material at
the edges reveal the importance of melt flow in the process.
Moreover, evaporation also occurs, as revealed by the debris
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FIG. 1. Etch depth per pulse as a function of the laser fluence, (a) Linear-
logarithmic plot, (b) logarithmic-linear plot.
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FIG. 2. SE.M microphotograph of silicon irradiated at 1,7 j/cm2 with 200
laser pulses (45° view)

around the crater formed by recondensation of evaporated
material Its spatial distribution on the surface is the same as
that reported and modeled by Kelly el al. on the ablation of
polymers.7,8

The most noticeable morphology modification occurs,
however, at fluences between F< and The effect of the
first 200 -400 pulses is an increase of crater depth and rough­
ness. Figure 2, which corresponds to the morphology of the
silicon surface after irradiation with 200 pulses at 1.7 j/cm2
shows the beginning of the roughening process. After rough­
ness is high enough, columns start to grow on the surface.
The resulting whiskerlike structure is shown in Fig. 3, which
corresponds to a sample irradiated with 500 pulses at 1.7
J/cm2. These columns, typically 1-2 /xm in diameter and
never below 1 /xm, present an important dispersion in height
and some of them are sis high as 20-30 in a 0.3-jum-deep
crater. Most of the columns have cylindrical or slightly coni­
cal shape. Some columns have more or less spherical drops
on their tops, whose diameters are greater than the column
one. They are mainly found on the shortest columns. There
are also broken columns. In some cases this could be due to
manipulation of the sample after irradiation, but in other
cases clear signs of melt in the broken tip indicate that break­
ing was produced during irradiation. In contrast to cones and
related structures extensively described in the literature, they
have not been formed by preferential etching of the sur­
rounding material but have grown at the expense of the rest
of material in the bottom of the crater.

Reported works including details of laser ablation of sili­
con have been carried out in vacuum. Van de Riet el al:'
irradiated silicon with 308 nm and 3 and 6 J/cm2. At the
highest fluence a crater was formed, and resolidified silicon
was accumulated at the edges. At the lowest fluence, the
whole crater presented a dense cone structure and it was
risen over to the nonirradiated area. Rothenberg and Kelly4
irradiated silicon at 248 nm and found similar conical struc­
tures, which were attributed to cumulative thermal expan­
sion. Silicon melt flow is the most important effect in these
works as well as in our results, but there are important dif­
ferences. We present narrow and tall columns, similar to
whiskers, growing on isolated places of the irradiated area,
instead of the dense cone structure in the globally elevated
topography of the reported works.

According to Kelly and co-workers4,9,10 the primary
mechanisms which allow material removal when a target is 

FIG. 3. SEM microphotographs of silicon irradiated at 1.7 J/cm2 with 500
laser pulses, (a) A 10° view, (b) 45° view, (c) magnified view' of (b).

irradiated with a pulsed laser can be divided into four
groups: collisional, thermal, electronic, and thermomechani­
cal (exfoliational, condensational and hydrodynamic). Hy­
drodynamical sputtering refers to the formation of asperities
in the surface when the melting point is achieved, which
evolve to droplets that are expelled.10 These authors modeled
the process and determined that only from a minimum radius
could asperities develop and be expelled as droplets. The
columns shown here seem to have been formed according to
this mechanism, but it is important to remark that in contrast
to other materials where asperities are expelled as droplets,
silicon asperities keep on growing and even become col­
umns. Direct application of hydrodynamical sputtering based
models to our case is not easy, because we do not know the
precise density of resolidified silicon and it is difficult to
evaluate the temperature of a rough surface, However, quali­
tative agreement is found as far as only columns of diameter
higher than a minimum value are observed.

As we pointed before, an interesting feature is the drop
that most of the shortest columns have in their tops. Tall
columns have a rounded top, but no drops with larger diam­
eter than the column one. Therefore, drops have to be de­
tached or progressively diffused in the columns with cumu­
lative irradiation, in a similar way as cones produced by
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ion-beam sputtering become columns by surface diffusion
after annealing.” It should be noted that a pulse cannot melt
the whole protuberance. The thermal diffusion length for a
23 ns pulse is I yxm and the surface temperature will not be
extremely high because fluence is moderate. According to
modelization of Unamuno and Fogarassy/ melt depth can be
estimated to be about 0.5 p.m for fluences between 1.5 and 2
J/cmz. Silicon flow will occur when the end of the column or
the drop is melted after every pulse. As far as the walls are
concerned, absorbed radiation is low. Only reflected radia­
tion can reach the walls of cylindrical columns. If they have
conical shape, direct radiation will also arrive, but in this
case fluence will be diluted12 to a very low value.

We have observed that the whiskerlike structure grows
in air and only appears in relatively narrow ranges of fluence
and number of pulses. There are no reported works about
silicon laser irradiation in vacuum with a complete study of
the effects of fluence and number of pulses, but in our pre­
liminary studies on irradiation in vacuum we have only
found results similar to the previously reported ones.3’5 A
comparative study of irradiation in air, vacuum, and nonre-
active atmospheres is in progress in order to elucidate the
possible influence of silicon oxide in the column growth pro­
cess.

In summary, a laser induced whiskerlike structure on
silicon has been found. To our knowledge, this kind of struc­
ture has not been reported after laser irradiation of any ma­
terial. The columns appear in a well defined fluence range in
the etch rate versus fluence curve, and they only start to
develop after irradiation with some hundreds of laser pulses.
Contrary to the well-known laser induced cones, these col­

umns are not formed by preferential etching, but they grow
and their height is between one and two orders of magnitude
higher than the depth of the crater. Its formation is due to a
hydrodynamical process, while evaporation is an effect of
smaller order.

The authors acknowledge the collaboration of the Scien- ■
tific and Technical Sendees of Universitat de Barcelona. We
thank Dr. R. Fontarnau for his help in the SEM characteriza­
tion. This work is a part of a research program financed by.
CICYT of the Spanish Government (Project No. MAT93-
297) and Generalitat de Catalunya.
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Abstract. We present new resuits about the development
of the whiskerlike structures that grow on silicon single
crystals exposed in air to ArF excimer-laser irradiation.
Small depressions appear on the surface after 100-200 laser
pulses. With the next pulses, the size of these depressions in­
creases, without change in depth, and new depressions are
formed. At the end of this step the non-depressed regions
are constricted and form a reticular network with a mesh
size of some ntn. With more pulses the material of the net­
work tends to desert the branches and accumulate in the
nodes, and discrete hillocks result. The hillocks progres­
sively change their shape until tall columns are formed.
Independent of this process, small protuberances appear
on flat areas of the irradiated spot, initially in regions far
from the center of the spot. These protuberances evolve to
mushroom-type shapes, which remain much shorter than the
columns.

PACS: 81.40 Z; 81.60 Z; 68.70

We have recently reported the development of a new type of
whiskerlike columns formed on silicon single crystals upon
pulsed laser irradiation in air at 193 ntn [1], The columns are
tall and narrow, between I and 2 orders of magnitude taller
than the depth of the crater, and are not formed by preferen­
tial etching as are the well-known cone structures that develop
on ion- and laser-bombarded surfaces [2] but through an hy­
drodynamical growth process. The structure only appears in
a narrow range of laser fluence, from 1.5 to 2.5J/cm2. and
after irradiation with some hundreds of laser pulses. In order
to investigate the evolution of the surface morphology that
leads Io the formation of the columns, we have prepared
a new series of samples by changing the number of laser
pulses. We report in this paper the obtained results showing
the dynamics of the hydrodynamical growth leading to the
formation of the columns.

1 Experimental

A Si( 100) single crystal wafer was irradiated in air with a nor­
mally incident ArF excimer-laser beam. The laser generated
23 ns pulses at 193 nm. .A mask was used in order to select the
most homogeneous part of the beam. The Si(i00) targets were
mounted on a copper block with heat conducting glue and
placed vertically in art XYZ manipulator. Rectangular spots
with dimensions of’0.5 by L0 mm were obtained by imaging
the mask with a lens system. The laser fluence was around
2 J/crn2 in all experiments and the repetition rate was 5 Hz.
The energy was measured with a pyroelectric energy meter.
Spots were obtained with different numbers of pulses, be­
tween 25 and 1000. Crater depth was determined by stylus
profilometry and surface morphology by scanning electron
microscopy (SEM).

2 Results and discussion

After irradiation with up to 100 pulses, the whole area in­
side the spot is very' flat. A crater is being formed, but etching
rate is as low as 1 nm per pulse. However, material is ac­
cumulated in the borders and frozen waves can be observed
there (Fig. I ). The motion of silicon in radial direction is pre­
sumably produced by thermocapillarity as a consequence of
differences in temperature and then in surface tension [3,4],
Surface modification is mainly by melt flow. Although there
is evaporation, as is indicated by debris outside the spot, its
importance under this near-threshold irradiation is notably
lower than at high fluences. Therefore, recoil vapour pressure
from evaporating material is not expected to produce the very
important effects on the liquid that could be produced at high
fluences.

A target irradiated with 200 pulses maintains the same
flatness in the central region of the spot, but around it
micrometer-size depressions are clearly visible (Fig. 2a). The
spatial distribution is not a consequence of the laser beam in­
homogeneity but of the flow of incited silicon from the center
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Fig. 2a,b. Low magnification SEM views (45°) of surface morphology after
irradiation at 2 J/cm* 2 with (a) 200 pulses, and (k) 350 pulses

Fig.!. SEM view (45°) of the comer of a spot originated by irradiation at
2 J/ctss2 with 25 pusses

to the borders of the spot after each pulse [5], Morphology
is very different after irradiation with 350 pulses (Fig. 2b),
although the surface non-uniformity is maintained. From
the center to the borders, we find successively some non­
depressed areas with small depressions, broad depressions
delimited by narrow non-depressed areas, which form a retic­
ular network, then a network with broken branches, followed
by isolated hillocks, and finally columns. After 500 pulses
the target is fully covered with columns, as was shown irt our
previous work [I],

The appearance of the depressions only beyond the cen­
tral region in Fig. 2a and the non-uniform morphology also
observed in Fig. 2b suggests that the space evolution of the
structure from the center toward the borders corresponds to
the successive steps in the time evolution of the structure
from the initial depressions until the final columns. Then
we present in Fig. 3 a selection of localized SEM views or­
dered to show the growth process of the columns. At first,
small micrometer-size depressions (Fig. 3a) on the flat sur­
face appear after more than 100 hundred pulses. With more
pulses, the depressions that were formed increase in area
(Fig. 3b) but not significantly in depth. Simultaneously, other
depressions appear and the result is the constriction of the
non-depressed area and the formation of an elevated reticu­
lar network with a mesh size of some micrometers (Fig. 3c).
The original surface is no longer identifiable and a quite flat
new one is present in the inner part of the polygons de­
fined by the network (Fig. 3c). With additional pulses, the
material of the network tends to desert the branches and ac­
cumulate in the nodes. As a consequence of this process
the branches become slim and break, and isolated hillocks
are formed (Fig. 3d). When irradiation continues, material in
these hillocks goes up and the structure becomes columnar
(Fig. 3e). This process is gradual and the initial conical shape
evolves io a cylindrical one after more pulses (Fig. 3f). Tall
columns result with diameters beiween 1 and 2 p.m, whose
height can increase as fast as 15 pm in 100 pulses. If the
sample is further irradiated these columns gather liquid sili­
con and they grow to as much as 50 gm, hut some of them
are tilted or show no well-defined cylindrical shapes. Simul­
taneously, the roughness of the surface around the columns
incrcuscs.

It is to be noted that depressions start to appear only after
more than 100 pulses. The physical precesses originated by
these first pulses that will lead to the final morphology are
determined by the optical and thermal parameters of silicon,
and by the tact that irradiation is done in air. The absorp­
tion coefficient of silicon is very high at 193 nm (higher than
IO6 cm-1) [6], Radiation is absorbed in a thin layer of less
than 10 nm and heat diffuses toward the bulk (thermal diffu­
sion length for a 23 ns pulse is I |un) [71- Melting of silicon
by pulsed lasers has been widely studied, and the melting
depth and melting duration are estimated to be 0.4-0.7 pm
and 100-200 ns, respectively, for a laser beam of wavelength,
pulse duration, and fluence as wc used [7], Liquid silicon is
more dense (2.52 g/cm3 * * * *) than solid silicon (2.32 g/ctrr), so
the liquid will go up as the solid-liquid interface advances
during solidification (the volume of the solidified layer is big­
ger and the volume expansion during the short time of the
solidification will result in an ascendent force on the not yet
solidified liquid top layer). A possible explanation for the ex­
istence of the depressions is that the solid-liquid interface
would not be flat, but the liquid layer will be thinner in small
areas than in the rest. When solidification takes place, the
solid-liquid interface would reach the surface first in these
small areas. The later solidification and expansion of the sur­
rounding region would lead to its raising over the firstly so-
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fig.3. Selection of localized SEM views (45°i showing the evolution of the surface from the initial depressions (a) to the final columns (f) (note that
magnification of(f) is higher). Fluence was 2 J/cm*

iidified area and would also explain the convex shape of the
depression borders. A schema of the process is displayed in
Fig. 4. The nonflat solid-liquid horizontal interface has not a
clear origin at this moment but is consistent with the time-
resolved reflectivity results reported by others authors [8,9].
which conclude that, close to the melting threshold, melt­
ing is inhomogeneous and solid and liquid phases coexist in 

the surface. In our experiments, the fluences at which the
depressions appear are twice or more the melting threshold.
so a liquid layer with a non-llat solid-liquid interface is to
be expected more than locally melted zones. Local melting
and then material expansion during solidification due to the
density decrease has been involved by several authors [10,
11] to explain the formation of emergent structures in lascr-
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Fig. 4. Schema of the solidification process supposing a non-flal liquid-solid
interface

irradiated germanium (liquid is denser than solid, as with
silicon). In a similar way, if we would consider local unmelt­
ing (i.e., the existence of local areas in which melting did
not occur), and/or that the solid-liquid interface was locally
shallower, the analogous processes would lead to depressions,
as we have observed. With additional pulses, the depressions
would solidify first because the solid-liquid interface is deep­
er there than in the rest of the spot, and the depression borders
are less efficiently heated. In addition to the initial depression
formation, the later evolution from the reticular network to
hillocks first and, finally, to tall columns is also noticeable.
In these steps, thermocapillary flow toward the hillocks and
columns, due to the non-uniform temperature in the modified
surface, and ascendent forces led by the expansion of the ma­
terial during solidification will determine the growth of the
columns. A detailed analysis of these processes is beyond the
scope of this paper.

Besides the described columns, a second kind of structure
grows out from the surface (Fig. 5). This structure has a shape
similar to that found by Kelly et al. [12] after laser irradiation
of gold. It starts not as depressions but as small protuber­
ances (Fig, 5a), which appear on flat places of the spot and
go up, leading to mushroom-type shapes (Fig. 5b). "Mush­
rooms" appear first near the spot border after 50-100 pulses.
and they can be found in the whole spot area after about 1000
pulses. ‘‘Mushrooms" have a shape similar to that of columns
that start to develop, but “mushrooms” appear with less pulses
and in a different zone of the irradiated spot that columns.
They appear from emerging material in isolated points. They
progressively increase in number, but their height scarcely in­
creases, and they do not evolve into columns. "Mushrooms"
arc thus different than columns and have a different forma­
tion process, but more work will be necessary to have a better
knowledge of them.

3 Conclusion

The new whiskerlike columns structure on silicon originated
upon ArF excimer-laser irradiation in air is formed through
hydrodynamic processes, and material expansion during so­
lidification is at the origin of lhe process that leads to the
final shapes. The evolution with progressive irradiation suc­
cessively shows small depressions, broad depressions, which
constitute the meshes of a reticular network, a broken net-

(a)j

(b)|

work, isolated hillocks, and tall columns. In addition to this
process, small protuberances appear on flat areas and they
evolve to have a mushroom shape.

Fig. 5. Mushroom-type structures in different stages of formation after irra­
diation at 2 J/cm2- (SEM vtew 45°)
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ABSTRACT

We have prepared absorbing structures for photovoltaic cells with different nano-texturization, obtained by means of a
femtosecond laser, without the use of corrosive gas (i.e. under vacuum). To take in account the 3D structured front
surface, the emitter doping has been realized by using Plasma Immersion Ion Implantation (so-called PULSION). The
results show a photocurrent increase up to 60 % in the laser texturized zones.

Keywords: nanotexturization, black silicon, photovoltaics, photocurrent, femtosecond laser, plasma immersion doping

1. INTRODUCTION
In order to increase the efficiency of actual solar cells many different ways are currently being developed by researchers.
They include the nano and micro-structuration of the surface [1-8], the use of antireflection (AR) coatings [9], rear
totally diffused structures [10], or the use of absorbing nanoparticles [11].

It has been recently shown (Mazur et al) [1-7] that a simple way to improve the silicon-based solar cell efficiency is to
irradiate the silicon surface with a series of femtosecond laser pulses, in the presence of a sulfur containing gas [1-7].
This produces micro-spikes on the silicon surface that strongly reduces the incident solar light reflection (Black Silicon).
We have in this study created a photovoltaic structure in a silicon wafer, which the illuminated surface was locally
nanostructured (squares of 1mm2) using a femtosecond laser, before the formation of p-n junction. Various parameters,
like polarization, spot size, energy density, number of shots, scanning parameters were chosen to make an appropriate
nanotexturization without SF6, i.e. the laser treatment was performed under vacuum (IO'5 mbar).

Once the optical properties have been optimized it is important to realize an efficient p-n junction. Therefore a
counterdoping of the wafer surface has been obtained by means of the Plasma Immersion Technique (PULSION tool,
developed by IBS [11]) followed by Rapid Thermal Annealing (RTA). This new doping technique has been compared to
a more traditional ion implantation followed by thermal annealing. The results show the consequence of the junction
quality on the final photocurrent.

It will be shown that the photocurrent can be increased up to 60 % in the texturized areas.

2. EXPERIMENTS
2.1 Processing steps
Samples were n-type silicon doped phosphorus to 1015 cm'3 (5-20 ohms.cm), cleaned by means of the conventional RCA
treatment. The surfaces were first phosphorus diffused from a POC13 source in order to create a n+ layer which helps the
formation of a back ohmic contact , while the n+ front layer was chemically removed (CP4 etch) before the laser
treatment.

*sarnet@lp3.univ-mrs.fr ; phone +(33) 4 91 82 95 12; fax +(33) 4 91 82 92 89; http://www.lp3.univ-mrs.fr
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After the laser structuring of the surface, the samples have been boron implanted by Plasma Immersion (PULSION, BF3,
2 kV, 900 °C, 30 mn) and RTA annealed. The junction depth in that case should be about 150 nm, which is much
shallower than the 3D laser structures: therefore the junction follows the topography of the structures.

Fig. 1: Processing steps of the photocell: a) RCA cleaning, b) creation of n + layer by diffusion, c) removal of the front on-
layer, d) femtosecond laser structuring, e) plasma immersion implantation (PHI) + rapid thermal annealing (RTA), f)
metallization of contact

After realizing the p-n junction, the electrical contacts have been deposited by electron gun evaporation: a silver layer on
the back side and one aluminum pad on the front non texturized surface, as shown in Fig. 1. A light-beam induced
current LBIC mapping tool is used to detect the increase of the photocurrent in the texturized areas by comparison with
the standard surface. This mapping tool was conceived to detect a photocurrent contrast in polycrystalline silicon
between defect containing and defect free regions, giving rise to electrical image of defects [12]. In our samples it
indicates directly if the photocurrent is increased below the nanotexturized areas. The photocurrent produced by a light
spot (A>800 nm), 20pm in diameter, is measured outside and inside the texturized regions, in order to evaluate the
enhancement really due to the increase of the light transmission in the wafer bulk. Some samples have also been
prepared using a more traditional technique using an ion implantation followed by thermal annealing, in order to
highlight the influence of the junction quality on the final photocurrent.

2.2 Laser experimental set-up
The laser engraving of Si (001) was carried out in a vacuum system with a pressure of 5x1 O'5 to IxlO’5 mbar. This low
pressure considerably reduces the redeposition of unwanted debris from the laser ablation process.

The optical set-up that was used to deliver the laser beam to the sample surface is presented in Fig. 2. The
micromachining experiments was performed using a Ti:sapphire laser (Hurricane model, Spectra-Physics) at 800 nm,
500 pJ energy, 1 kHz repetition rate and a laser pulse duration of 100 fs. To get a more uniform laser energy distribution,
only the center part of the gaussian laser beam was selected using a square mask (D) of 2 x 2 mm2. A spot of about 30 x
30 pm2 area was obtained by projecting the mask image onto the sample surface with a planoconvex lens (f 50 mm).
The laser beam was perpendicular to the sample surface. A computer-controlled XY-stage (for the sample) and Z-stage
(for the objective lens) has allowed precise positioning of the spot on the surface sample. The laser energy that was
delivered to the sample surface could be attenuated by using a combination of analyzer (A) and polarizer (P) and
completed by a set of neutral density filters (NDF). A PC controlled the analyzer rotation, the opening and closing of 
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shutter (S) placed in front of the polarizer, and the XYZ stages. The engraving results are in situ monitored by a CCD
camera.

Ti -.Sapphire.:
laser

Fig. 2 : diagram of the femtosecond laser experimental set-up.

Different square surfaces have been irradiated, ranging from 100x100 pm2 to 1x1 mm2. The laser-induced structuring of
the sample surfaces was produced by scanning a simple straight line (30 pm width) at a speed-velocity of 150 pm/s
(maximum speed of our stages), with a d shift between the parallel scans to treat the whole surface. The role of the beam
overlaps on the formed structures was analyzed by varying the distance d between the scans. The d value was changed
between 1 and 15 pm. The experiments were carried out at different laser fluences: between 140 and 850 mJ/cm2.

The laser spot displacement was perpendicular to the polarization. When scanning a single square spot (size a) using a
laser frequency (f) and a scanning speed (V), with a displacement (D) between the parallel scan, the number of shots (N)
received anywhere on the surface (except on the edges) can be defined as:

In our experimental conditions (f=l kHz, a=30 pm, V=150 pm/s) the different displacements we used D = 1,2, 5, 10 and
15 pm correspond to N= 6000, 3000,1200, 600 and 400 shots respectively.

2.3 Experimental Results
Nano and microstructuring of a silicon surface with a pulsed laser (from nanosecond to femtosecond) generally induces
the formation of typical wave-like structures (LIPSS, capillary waves, ripples etc...) which have been studied for decades
[13], In this study, the surface topography of these structures was characterized using Scanning Electron Microscopy
(SEM) and Optical Microscopy (OM) in dark field mode.

Figure 3 shows different types of structures: the left part is the original Si surface, the center part is formed by capillary
waves and the right part features "beads" that are formed with higher number of pulses and energy density. The
periodicity of the capillary waves (center) is usually close to the laser wavelength (800 nm), they are formed by the
interference between the incident beam and the light scattered by minor surface defects. Ablation and melt formation
occur at non-uniform depths: after resolidification, the ripple structure is frozen in place and acts as a precursor for the
formation of beads, cones and spikes.
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Fig. 3: SEM photo of Laser Included Periodic Surface Structures (LIPSS):

capillary waves (periodicity 800 nm, center) and beads (about 2 pm, right).

For higher energy densities and number of pulses those capillary waves tend to collapse to form a more
hydrodynamically stable structure, like the beads observed in Figure 3 (right part). The absorption of light on these beads
is not uniform: the ablation is maximized in the valley between the beads which tends to amplify the phenomena and
creates more erected structures ("penguin-like" structures), when increasing the energy density and the number of laser
pulses.

s

4

Fig. 4: SEM photo of penguin-like structures created by femtosecond laser 

(top left corner is a picture of a real penguin colony in Antartica) .

Without using SF6 gas we did not observe spikes, but rather rounded structures, like those shown in Figure 4: these
"penguin-like" structures have been named from their similarity with colonies of penguins (Aptenodytes forsteri) when 
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they spread over the antarctic ice, standing next to each other. The height of these structures is approximately 10 pm,
with a spacing of 2 to 5 pm, as measured by SEM. These structures tend to trap the incident light by decreasing the
amount of specular (mirror-like) and diffuse reflections. Simple optical simulations of the surface properties have been
performed using a commercial ray-tracing Tenderer (Autodesk 3ds Max).

Computer-Generated Images (CGI) are usually used for visual effects (movies, videogames, architecture, simulation...):
although they are not always accurate but they include many user-defined physical parameters (optical, particles...) that
lead to photorealistic images. For instance, this simulation takes into account the multiple reflections on the silicon
structures, as well as the transmission and absorption as a function of the incident wavelength. The resulting images
allow to observe the amount of light reflection on the structured surfaces in the visible spectral range.

ii 0&

s
F

25%

0 %

We have 3D modeled different types of structures like spikes, penguin-like structures and pyramids like the one obtained
by KOH anisotropic etching. After the optical simulation, the best structures seem to be the spikes, immediately followed
by the penguin-like structures, in terms of light absorption: they look darker than the other structures on the simulation
(Figures 5 and 6).

75%

50 %

Fig. 5: top: 3D optical simulation of the optical absorption/reflectivity of a silicon surface with different texturizations:
spikes b) "penguin-like" texturization c) pillars d) KOH pyramids e) flat;

bottom : real sample of a laser structured silicon (penguin-like).

The pyramids like the one created by anisotropic etching, which are used nowadays on "high efficient" commercial
photocells do not appear to be as absorbent as spikes or penguin-like structures. Moreover, these structures need to be 
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coated (ARC) and are very dependent of the crystal orientation, which is a disadvantage on multi-crystalline silicon, in
comparison with the laser structuration which is not sensitive to the different grains orientation.

Fig. 6: Detail of the structures used for the 3D optical simulation: 

a) spikes b) "penguin-like" texturization c) pillars d) KOH pyramids e) flat.

The different structures used for the simulation are described in Table 1 and shown in Figure 6.

Table 1 : properties of the structures used for the optical simulation (see also Fig. 6).

Structure
height
(pm)

FWHM
diameter (pm)

spacing
(pm)

Reflectivity
R (%) Visible

Absorption
A (%) Vis.

Spikes (a) 10 2.5 4 6 94
Penguin-like (b) 10 2.5 4 9 91
Pillars (c) 10 1.5 2 21 79
Pyramids (d) 5 2.5 4 27 73
Flat (e) - - - 35 65

Experimental characterization of the real spectral absorption of the laser created structures has been performed inside an
integrating sphere and compared to other texturizations. The reflected (R) and transmitted (T) light from a
monochromator has been collected: the effective absorption (or absorptance A=l-R-T) was determined from these values
and confirms the optical simulation: absorption is very high (90 % +) and quite flat in a wide spectral range (350-
1000 nm).

Figure 7 shows the absorptance of a reference silicon surface after polishing and after different texturizations (acidic,
alkaline and laser). Compared to the other techniques the laser texturization is obviously much more efficient and seems
to be even better when going to the short wavelength (visible below 600 nm and down to the UV range), which can be an
advantage for space applications.
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Fig. 7: Absorptance of a silicon surface for different texturizations: laser texturing (850 mj/cm2, black silicon), alkaline texturing
(NaOH), acidic etching (T1 is an industrial process and T2 is from reference [15]), compared to a Si polished sample.
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Figure 8 shows the topography obtained with a commercial alkaline texturization ("high-efficiency" 18 % solar cell)
compared to the laser created topography: the pyramids created by the chemical etching are smaller (less erected) than
the black silicon which explain the smaller absorptance on the surface.

Fig. 8: SEM photo of an alkaline texturization (top) showing pyramids and a laser texturization (bottom) with erected
structures, tilt 50 same magnification.
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Figure 10 is a general view of a laser structured area (SEM) which shows a good homogeneity of the topography, for F=
185 mJ/cm2 and D = 1pm. When increasing D to higher values (D>15 pm) the homogeneity is not as good: the lack of
overlaps (i.e. number of pulses) tends to create a mixture of capillary waves and beads. Also, working with smaller
fluence or number of pulses advantages the formation of capillary waves instead of beads and cones.

Fig. 10: SEM photo of a laser micro-structured area of a photo cell. Size of the treated zone is 300 pm2, spot size a= 30 pm,

F= 185 mJ/cm2, D= 1pm, scanning speed V= 150 pm/s.

Moreover the alkaline chemical etching is usually highly anisotropic and therefore depends on the crystal orientation.
When working with multi-crystalline silicon (mc-Si) it creates different type and size of structures for each grain which
leads to different optical absorption: this disadvantage is illustrated in Figure 9.

-Tmrrt_

Fig. 9 : Anisotropic etching of a mc-Si surface: different structure for each grain
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The influence of the laser fluence is shown in Figure 11: different samples have been laser treated with fluences F
between 250 and 850 mJ/cm2, the other parameters were kept constant (f= 1 kHz, a= 30 pm, V= 150 pm/s, D= 10 pm).
We observed an increase in the absorptance from 65 % to 80 % at 250 mJ/cm2, up to 96 % when working at higher
energy density (F=850 mJ/cm2).
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Fig. 11: Absorptance of a silicon surface for different laser fluences: from 250 mJ/cm2 to 850 mJ/cm2,

compared to a Si polished sample.

This increase in the absorptance is clearly related to the change of topography in terms of structure size, diameter and
spacing between the erected structures. The evolution of the topography with different fluences is shown by the SEM
photos in Figure 12.

,00

Fig. 12: SEM photos of laser texturized surfaces (tilt 50°, same magnification) and different laser fluences:

Top: 250 mJ/cm2, center : 400 mJ/cm2, down : 850 mJ/cm2 
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From these SEM photos we can easily measure the diameters and the spacings between the structures. The height is more
difficult to estimate (high density of the structures and 50 ° tilt), therefore we have measured the average "apparent"
height of the structures. This "apparent" height usually underestimates the real size of the structures but give the general
tendency of the evolution. For instance a structure with a 7 pm apparent height is in reality closer to 10 pm, as observed
by SEM on cross-sectioned structures. The different obtained sizes tend to increase when increasing the laser energy
density, as plotted in Figure 13.
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Fig. 13: Size of the laser-created structures (apparent height, spacing and diameter) as a function of the laser fluence,
number of shots N=600, SEM tilt 50°.
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We used the 3D optical simulation to observe the optical absorption as a function of the structure size (height, diameter
and spacing) and verify and explain the phenomena. We have 3D modeled four types of structures with different sizes
(S, M, L and XL), the specification of the different structures are given in Table 2, along with the Reflectivity and
Absorption obtained by the simulation. The metallic teapot and the USB mouse in Figure 14 are only displayed for ray­
tracing verification purpose (sun lighting, multi-reflection, direct and diffuse shadows...).

Table 2 : Properties of the structures used for the optical simulation (Fig. 14) and results for reflectivity and absorption:

Structure size
Height
(pm)

FWHM
diameter (pm)

Spacing
(pm)

Reflectivity
R (%) Visible

Absorption
A (%) Vis.

Small (S) 1 0.75 1.5 22 78
Medium (M) 2.5 1.75 2.75 17 83
Large (L) 5 2.5 3.5 12 88
X-Large (XL) 10 3 5 5 95

The 3D optical simulation shows a better absorption when working with large structures (10 pm height) and a decrease
of this absorption for smaller structures (down to 1 pm height). The simulation does not take into account any diffraction
effect, therefore, the absorption of smaller structures (like nanoparticles) was not simulated but it has been observed [15] 
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that they do contribute in a small amount, to the global absorption on the structures. However, in order to obtain a nice
black silicon surface, it is not recommended to decrease the size of the structures below 5 pm. This has been confirmed
by experimental results: we obtained better optical absorption and better photocurrent with larger structures, and also can
explain the relatively poor absorption of commercial texturization (Figure 7).

■H &

J

■
•a i’■ 1/

to

■M

■■i■Bl

Fig. 14: 3D optical simulation of the optical absorption/reflectivity of a silicon surface with different texturizations: influence
of the structure size: large structures (L and XL) induce a better light absorption (black spot) than smaller structures (S

and M), characteristics of S, M, L and XL structures are given in table 2.

The absorptance gain (%) has been measured in the integrating sphere and plotted (Fig. 15) as a function of the structure
size (height, diameter and spacing): this absorptance improves from 49% for small structures (size S) to 56% for large
structures (size XL). This relative gain corresponds to absorption of 80 to 95 %, at 350 nm.

This absorptance gain (%) has also been measured in different spectral regions (UV-VIS-IR): the absorption
improvement reaches 37 % both in the visible (600 nm) and in the near-IR region (1100 nm) and up to 56% in the UV
(350 nm), close to the direct gap of the silicon (Fig. 16).
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Fig. 15: Measured absorptance gain (%) as a function of height, diameter and spacing of the laser created structure.
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Fig. 16: Measured absorptance gain (%) as a function of laser energy density for different spectral region (UV-VIS-IR).
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It is interesting to notice that the nanoparticles that are redeposited during the laser ablation also contribute in a small
amount (5 %) to the improvement of the absorption. They have been measured by FEG-SEM: they range in size from 10
to 100 nm, they are also clearly visible outside the laser treated area using dark field optical microscopy (Fig. 17).

[■ - redeposition of nanoparticles

I
■ «aser treufeci •

arc j

Fig. 17: Optical microscope view (Dark Field) of a laser treated area showing the nanoparticle redeposition 

outside the spot. F= 185 mJ/cm2, v=150 pm/s.

After laser texturing the surface, we have used two different ways of doping the material: ion implantation followed by
thermal annealing and PHI + RTA (Fig. 1). The Figure 18 shows a photocurrent map (LBIC scan) of a surface that has
been treated with different laser scan parameters, ion implanted and annealed. This figure shows that the LBIC signal
related to the photocurrent intensity is clearly increased in the laser treated regions For these experimental conditions, the
best results have been obtained on highly structured areas (high fluence and number of pulses): we observed a 40 %
increase of the photocurrent, compared to the flat surface. At low fluence (F=l 85 mJ/cm2) and low number of pulses (D
= 15, 10 pm) the surface structure is poorly texturized (small-size structures, see Fig. 13) and lead to a decrease in the
photocurrent.

nra
photocurrent
(arb. unite)

.50

.37

.25

.12

1 mm
Fig. 18: LBIC scan maps showing the increase in the photocurrent in the different laser treated zones. 1st row (top) : F =

185 mJ/cm2, d=l5, 10, 5, 2 and 1 pm, 2nd row (center) : F= 250 mJ/cm2, D=15, 10, 5, 2 and 1 pm, 3st row (down): F=
400 mJ/cm2, D=15, 10, 5, 2 and 1 pm. Laser texturization + ion implantation + annealing.
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The Figure 19 presents a photocurrent map (LBIC scan) of a surface that has also been treated with different laser scan
parameters, but in that case the doping has been realized by plasma immersion (PHI). The measured photocurrent
corresponding to a, b, c and d are 40, 42, 44 and 46 nA. The photocurrent without texturization (measured outside the
spot) is 30 nA, therefore the corresponding increase in the photocurrent is 33 %, 40 %, 46% and 53 %, which is higher
than the values obtained with traditional doping.

a

1 mm

Fig. 19: LBIC scan maps showing the increase in the photocurrent in the laser treated zones, 1 x 1 mm2, 30 pm spot size,
v=150 pm/s, laser fluence F= 185 mJ/cm2'with a) d=10 pm, N = 600 shots; b) d=5 pm, N = 1200 shots; c) d=2pm, N =

3000 shots; d) d=lpm, N = 6000 shots.

As seen before with the conventional doping, the improvement is even better at high fluence/number of pulses: we have
already observed a photocurrent gain of 60%, at F= 400 mJ/cm2 and 6000 shots. These first experimental data are
plotted in Fig. 20 and will be completed soon:
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Fig. 20: Photocurrent gain (%) measured by LBIC for different laser irradiation conditions followed by PHI doping showing
a photocurrent increase up to 60%.
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3. CONCLUSIONS
We have prepared laser-microtexturized Si structures which reduce the reflection of a silicon surface (black silicon)
without using corrosive gases (under vacuum). Millimeter size cells were structured on n-type silicon. The experimental
results show the influence of our laser irradiation parameters on the topography of the black silicon. The topography of
the texturized surface directly changes the optical properties. The 3D optical simulation and the experimental data show
the evolution of the optical absorption: up to 96 % absorption can be obtained in a wide spectral range by optimizing the
laser parameters.

After the laser texturization, the doped junctions have been obtained using both traditional doping (ion implantation +
thermal annealing) and Plasma Ion Immersion technique.

The resulting photocurrent has been analyzed by LBIC and shows improvements of 40 % using the laser treatment
followed by traditional doping and up to 60 % with the laser treatment+Plasma Ion Immersion technique.
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ABSTRACT

Crystalline silicon being ubiquitous throughout the microelectronics industry has an indirect bandgap, and therefore is
incapable of light emission. However, strong room temperature visible and near-IR luminescence from non-crystalline
silicon, e.g., amorphous silicon, porous silicon, and black silicon, has been observed. These silicon based materials are
morphologically similar to each other, and have similar luminescence properties. We have studied the temperature
dependence of the photoluminescence from these non-crystalline silicons to fully characterize and optimize these
materials in the pursuit of obtaining novel optoelectronic devices.

Keywords: amorphous silicon, black silicon, non-crystalline silicon, porous silicon, plasma enhanced chemical vapor
deposition, photoluminescence..

1. INTRODUCTION

Interest in silicon (Si) as a material for optoelectronics has increased recently. With modern process techniques, it will
be possible to integrate lasers, photodetectors, and waveguides into optoelectronic silicon motherboards to route and
modulate optical signals within such silicon motherboards. Integrated silicon optoelectronics is a rapidly developing
field s. Discrete and integrated devices such as photodetectors, modulators, light emitters, resonant cavity enhanced
(RCE) photodetectors, waveguides, photonic bandgap filters, optical amplifiers, optical interconnects, and
optoelectronic integrated circuits are already being realized. However, most of these devices, with the exception of light
emitters, are fabricated using crystalline silicon. Light emission requires the use of amorphous silicon, since crystalline
silicon can not emit light due to its indirect bandgap. With modem process techniques, it will be possible to integrate
lasers, photodetectors, and waveguides into St motherboards 2,3 for wavelength division multiplexing (WDM)
applications 4.

2. EXPERIMENTAL PHOTOLUMINESCENCE SETUP

The room temperature PL setup consists of a pump laser, a spectrometer, a lock-in amplifier, and a digital oscilloscope.
The collected PL signal is imaged to the entrance slit of the spectrometer, whose output is fed to a sensitive
photomultiplier tube (PMT). A lock-in-amplifier is providing the necessaiy electronic gain to the PMT output gain in
phase with, the laser pulse. The digital oscilloscope is used for monitoring and optimizing the PMT signal. All of the
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measurement and test devices are computer controlled and the data is acquired digitally. For the room temperature
measurements at 300 K the samples are attached to a holder. For low temperature measurements the samples are placed
in a closed cycle cryostat system. The closed cycle ctyostat system is used to control the sample temperature from 10 K
to 300 K.

3. AMORPHOUS SILICON

In the optoelectronics and microelectronics industry’ silicon is the most widely used semiconductor, not only in its
cry stalline, but also in its amorphous form. Being a direct band-gap material, 5 unlike cry stalline silicon,6 amorphous
silicon is unmatched as a photoreceptor for laser printing, for switching elements in large area liquid ctystal displays,
for large photovoltaic panels, and any other application that calls for a high quality" semiconductor that can be processed
on large areas or on curved or flexible substrates. It is generally agreed that tlie terms amorphous solid, non-crystalline
solid, disordered solid, glass, or liquid have no precise structural meaning beyond the description that, the structure is
not crystalline on any significant scale. The principal structural order present is imposed by the approximately constant
separation of nearest-neighbor atoms or molecules. Until the early 1970’s, amorphous silicon prepared by evaporation
or sputtering was not considered as one of the valuable semiconductor materials, because of high, density of electronic
states in the band gap related to a large density of structural defects. ' The discovery of an amorphous silicon material
prepared by the glow discharge deposition of silane, which can be doped and whose conductivity can be changed by ten
orders of magnitude marked a turning point and opened a new research area. Most interest focused on hydrogenated
amorphous silicon and its alloys, since hydrogen by removing dangling bonds eliminates non-radiative recombination
centers, that are responsible for reduced luminescence efficiency (and reduced photovoltaic efficiency) and allows
doping. 8 Hydrogenated amorphous silicon (a-Si:H) is already an established material in semiconductor technology “.
The major application of a-Si:H is photovoltaics, color detectors, and active matrix displays. The primary' attribute of
the technology is its large area capability, which is unavailable with other technologies. Another advantage of the
hydrogenated amotphous silicon is that, it can be deposited by plasma enhanced chemical vapor deposition (PECVD)
onto almost any substrate at temperatures below 500 K. which makes it compatible with the microelectronic
technology. This property justifies the interest in a-Si:H as a potential optoelectronic material. Planar waveguides are
already being realized from a-Si:H i0. The advantage of a-Si:H, as well as porous silicon (re-Si), is that, they attract
interest as a potential optical gain medium, because of their room temperature visible electro luminescence (EL) and
photoluminescence (PL)- Recently, we have observed visible PL. from a-Si:H, as well as its oxides (a-SiOx:H) and
nitrides (a-SiNx:H) grown by low temperature PECVD. ” While the exact mechanism of the occurrence of the PL in
bulk a-SiNx:H is still under discussion, the quantum confinement model is a widely’ accepted 12 In the quantum
confinement model the material consist of small a-Si clusters in a matrix of a-SiNs:H. The regions with Si-H and Si-N,
having larger energy gaps due to strong Si-H and Si-N bonds, isolate these a-Si clusters, and form barrier regions
around them. The PL originates from the a-Si clusters. A-SiNx:H can be grown both with and without ammonia (NH3).
The samples grown without NH3 are referred to as the Si rich samples. The luminescence of these samples is in the red­
rtear-infrared part of the optica! spectrum. The samples grown with NH3 and annealed at 800° C are referred to as the
nitrogen rich samples. The luminescence of these samples is in the blue-green part of the optical spectrum

3.1. Temperature dependence of the amorphous silicon photoluminescence

Figure 3.1 shows the PL spectra of the a-SiN„:H measured in the 550 - 900 nm wavelength and in the 12 - 298 K
temperature range at a constant excitation laser intensity of 0.1 W cm'2. A broad PL band centered at 710 nm (£„ =
1.746 eV) at 12. K is observed. The PL spectra have approximately a Gaussian lineshape modulated slightly by Fabry-
Perot resonances. These resonances are due to the Fresnel reflections from the a-SiNx:H film surfaces. The PL intensity
decreases with increasing temperature. This feature is typical of the PL, which is due to donor-acceptor pair transitions
observed in semiconductors. The variation of the PL peak with respect to temperature is plotted in the figure 3,2. In the
12 - 170 K range, the PL intensity decreases slowly. Above 170 K, however, the PL. intensity decreases at a larger rate
due to a thermal quenching process. The activation energy AE for this thermal quenching process can be derived in the
170 - 298 K temperature range using a nonlinear least squares fit to the following equation, I = L exp (AE/kBT), where
I is the PL intensity, Io a proportionality constant, and kB the Boltzmann’s constant. The semilog plot of the emission
band intensity-' as a function of the reciprocal temperature gives a straight line in the 170 - 298 K region. An activation
energy of Ea = 0.027 eV for the emission band is derived from the slope of the straight line fit. This activation energy' is
associated with a shallow level located at 0.027 eV from lite band. This shallow level in undoped a-SiNx:H may' be
associated with the presence of defects and unintentional impurities.
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Figure 3.1 PL spectra of a-SiNx:H in the 12 ■■ 298 K temperature range.
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Figure 3.2. Temperature dependence of a-SiN,:H PL intensity at the emission band maximum. Intensive
quenching starts at 170 K.

3.2. Surface morphology of the amorphous silicon

Atomic force microscopy (AFM) lias been performed the on the a-SiNx:H samples to characterize the morphology of
the surface and to analyze origin of the luminescence. The surface of the a-SiNx:H is optically flat and thus amenable
for the growth of multiple layers. This is necessary condition for the realization of the one-dimensional PBG
microcavity. The surface morphology of the a-SiNx:H is quite uniform. The bulk of the material is composed of
globules of a-SiNx:H and is similar to rr-Si. Figure 3.3 shows the medium resolution AFM picture of the silicon rich a-
SiNx:H surface. Additionally, although the surface is flat optically, it is quite rough in the 100 nm range, which
corresponds to the average globule size.
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Figure 3.3, Medium resolution AFM of the silicon rich a-SiNx:H surface.

4. POROUS SILICON

Similar to hydrogenated amorphous silicon (a-Si:H), porous silicon (tt-Si) also exhibits room temperature visible PL *4.

20

Semiconductor microcavity effects have been applied to tt-Si, after the observation of room temperature visible PL )”
made n-Si a potential optical gain medium.Steady state *'■ S8> 19 and temporally resolved, 2'J single and multiple21
microcavity controlled PL in tt-Si has been observed experimentally u 24 and calculated theoretically The
possibility of using tt-Si microcavities as chemical sensors lias been investigated 2tl. In addition, microcavity controlled
PL lias been observed in n-Si inorganic-organic structures, 27 as well as Si/SiOx superlattices. ■'-8-29-’0 SiOi/TiOj
microcavities,31 SiOx/WOy, and SiOx/MOy multilayers32 have been fabricated. Microcavity controlled
electroluminescence (EL) of tt-Si has been reported.33,34 Interference filters 35 and optical waveguides 38 have also
formed from rc-Si. Two-dimensional (2-D) photonic crystals have been fabricated init-Si ~7 and silicon nitride (Si3N4)38
waveguides.

4.1. Temperature dependence of the porous silicon photolumineseence
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Figure 4.1. PL spectra of porous silicon in the 10 - 300 K temperature range.

SIONYX1403000042.0031

SAMSUNG EX. 1002 - 566/4148



1000/T (1/K)

Figure 4,2. Temperature dependence of porous silicon PL intensity at the emission band maximum. Intensive
quenching starts at 200 K.

Figure 4.1 shows the PL spectra of the porous silicon measured in the 550 - 900 am wavelength and in the 10 - 300 K
temperature range at a constant excitation laser intensity of 0.005 W cm’2. A broad PL band centered at 750 om (Ep =
1.698 eV) at 10 K is observed. The PL spectra have approximately a Gaussian lineshape. The PL intensity decreases
with increasing temperature. This feature is typical of the PL, which is due to donor-acceptor pair transitions observed
in semiconductors. The variation of the PL peak with respect to temperature is plotted in the figure 4.2. In the 10 - 150
K range, the PL intensity decreases slowly. Above 200 K, however, the PL intensity decreases at a larger rate due to a 
thermal quenching process. The activation energy AE for this thermal quenching process can be derived in the 200 
300 K temperature range using a nonlinear least squares fit to the following equation, I =: Io exp (AE/kBT), where I is
the PL intensity. Io a proportionality constant, and kB the Boltzmann’s constant. The semilog plot of the emission band
intensity as a function of the reciprocal temperature gives a straight line in the 200 - 300 K region. An activation energy
of Ea = 0.009 eV for the emission band is derived from the slope of the straight line fit. This activation energy is
associated with, a shallow level located at 0.009 eV from the band. This shallow' level in porous silicon may be
associated with the presence of defects and unintentional impurities.
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Figure 4.3. Medium resolution AFM of the porous silicon surface.

SIONYX1403000042.0032

SAMSUNG EX. 1002 - 567/4148



4.2. Surface morphology of the porous silicon

Atomic force microscopy (AFM) has been performed the on the porous silicon samples to characterize the morphology
of the surface and to analyze origin of the luminescence. The surface of the porous silicon is rather rough. The bulk of
the material is composed of globules of as we have seen in porous silicon. Figure 4.3 shows the medium resolution
AFM picture of tlie porous silicon surface.

5. BLACK SILICON

Ordinarily, silicon absorbs a moderate amount of visible light, but a substantial amount of visible light is reflected as
well, and infrared and ultraviolet light are transmitted through silicon or reflected from it with very little absorption.
Spiked silicon surfaces, in contrast, absorb nearly al! light at wavelengths ranging from the ultraviolet to the infrared.
This suggests it may be very useful m improving the performance of existing silicon devices, such, as photodetectors
and photovoltaics. Mazur group recently discovered that irradiation of silicon surfaces with femtosecond laser pulses in
the presence of a halogen containing gas transforms the flat, mirror-like surface of a silicon wafer into a forest of
microscopic spikes.’9’4'’ The spiked surface is strongly light-absoibing: the surface of silicon, normally gray and shiny,
turns deep black; hence the name black silicon.

5.1. Temperature dependence of the PL from the black silicon
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Figure 5.1. PL spectra of black silicon in the 10 - 300 K temperature range.

Figure 5.1 shows the PL spectra of tire black silicon measured in the 550 - 850 nm wavelength and in the 10 - 300 K
temperature range at a constant excitation laser intensity of 0.1 W cm’2. A broad PL band centered at 630 nm (Eo =
1.968 eV) at 10 K is observed. The PL spectra have approximately Gaussian lineshape. The PL intensity' decreases with
increasing temperature. The variation of the PL peak with respect to temperature is plotted in the figure 2. In the 10 -
120 K range, the PL intensity decreases slowly. Above 120 K, however, the PL intensity decreases at a larger rate due
to a thermal quenching process. The activation energy' AE for this thermal quenching process can be derived in the 120 -
300 K temperature range using a nonlinear least squares fit to the following equation, I = Io exp (AE/kBT), where I is
the PL intensity, Io a proportionality constant, and kB the Boltzmann’s constant. The semiJog plot of the emission bard
intensity as a function of the reciprocal temperature gives a straight line in the 120 ■■ 300 K region. An activation energy
of Ea = 0.006 eV for the emission band is derived from the slope of tlie straight line fit. This activation energy is
associated with a shallow level located at 0.006 eV from the band. Tills shallow level in black silicon may be associated
with the presence of defects and unintentional impurities.
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Figure 5.2. Temperature dependence of black silicon PL intensity at the emission band maximum. Intensive
quenching starts at 120 K.
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Figure 5.3. Medium resolution AFM of the black silicon surface.
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5.2. Sarface morphelogy of the black silicon

Atomic force microscopy (AFM) has been performed the on the black silicon samples to characterize the motphology
of the surface and to analyze origin of the luminescence. The surface of the black silicon is optically black and consists
of conical layers. The bulk of the material is composed of globules of black silicon and is similar to rt-Si. Figure 5,3
shows the medium resolution AFM picture of the black silicon surface.

6. CONCLUSIONS

Bulk luminescence properties of hydrogenated amorphous silicon nitride (a-SiNx:H), porous silicon, and black silicon
were studied at room temperature and at low temperatures. The PL emission intensity increases at low temperatures due
to the lack of thermally excited phonons. The emission spectrum stays broad even at low temperatures. The broad
luminescence spectrum even at low temperatures is a results of the heterogenous size distribution of the amorphous
silicon quantum dots. This heterogenous size distribution is further confirmed by atomic force microscopy (AFM)
measurements of the sample surface. The broad PL spectrum of the a-SiNx:H, porous, and black silicon makes them
suitable sources for wavelength division multiplexing (WDM) applications.
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We report fabrication of regular arrays of silicon microspikes by femtosecond laser irradiation of a
silicon wafer covered with a periodic mask. Without a mask, microspikes form, but they are less
ordered. We believe that the mask imposes order by diffracting the laser beam and providing
boundary conditions for capillary waves in the laser-melted silicon. © 2003 American Institute of
Physics. [DOI: 10.1063/1.1561162]

A variety of micrometer-scale surface patterns have been
observed on silicon surfaces after pulsed laser irradiation.1 6
When irradiated by nanosecond laser pulses at a fluence
close to the melting threshold, silicon surfaces develop
ripples with submicrometer periodicity (often called laser-
induced periodic surface structures, or LIPSS).1,7 By irradi­
ating surfaces with femtosecond laser pulses above the abla­
tion threshold in SF6, we previously created silicon surfaces
covered with a semi-ordered pattern of sharp conical
microspikes.3'4 Others have also reported laser-induced for­
mation of larger conical microstructures using high-intensity
nanosecond pulses.2,5,6

While the mechanism responsible for LIPSS formation
is now well understood, the mechanism of microspike for­
mation is not. To better understand this mechanism, we im­
posed boundary conditions on the excited silicon surface and
the incident laser light by irradiating the silicon surface
through a periodic mask. The resulting microspikes are ar­
ranged in regular arrays with the same symmetry as the mask
apertures. The arrangement and separation of the mi­
crospikes indicate that capillary waves in the molten silicon
may play a role in microspike formation; ordering may arise
from confinement of the region of laser-melted silicon at the
surface combined with diffraction of the laser light.

We masked silicon chips [float zone Si(l 11)] by affixing
2-/zm-thick copper transmission electron microscope (TEM)
grids to the sample surface with conductive carbon tape. The
carbon tape causes a gap between the silicon surface and the
TEM grid, varying from a few micrometers to tens of mi­
crometers. We used square grids of width 10, 20, 30, 40, 50,
and 200 /zm, and hexagonal grids of width 30 xrm. The
sample is mounted normal to the laser beam on a three-axis
translation stage in a vacuum chamber with a base pressure
of less than IO-2 Pa. During sample irradiation, the chamber
is backfilled with 6.7 X104 Pa SF6. The laser pulses (800
nm, 100 fs, 0.3 mJ) are focused to a beam waist of 200 /zm
at the sample surface; the spatial profile of the beam is
Gaussian, and the fluence per pulse at the sample surface is 6

alOn leave from Tohoku University, Sendai, Japan; electronic mail:
mshen@deas.harvard.edu

kJ/m2, which is well above the thresholds for both ablation
and plasma formation. The sample is translated at 200 /zm/s
in the plane perpendicular to the laser beam, and a fast shut­
ter is used to vary the repetition rate of the laser pulse train
between 5 and 50 Hz, thereby controlling the average num­
ber of laser pulses per unit area.8 After irradiation, the masks
are removed and the resulting structures imaged with a scan­
ning electron microscope.

Figures 1(a) and 1(b) are electron micrographs of the
surfaces obtained using a mask with 30-/zm hexagonal open­
ings; Figs. 1(c) and 1(d) show surfaces obtained using a
mask with 20-^tm square openings. The microspikes are ar­
ranged in regular arrays with the same symmetry as the
mask. The gray bars above Figs. 1(a) and 1(b) show the
spatial intensity profile of the laser beam; the density of the
microspikes depends on the laser fluence, with a higher den­
sity of microspikes forming where the fluence is less. Along
a constant-fluence line perpendicular to the laser intensity
profile, the density and arrangement of microspikes is nearly
uniform. Using a mask with 10-/zm or 30-^zm square open­
ings also produces ordered microspikes of the same number
density as the 20-/zm square openings; using a mask with
larger openings produces ordered microspikes at the edges,
but the microspikes in the center of the opening are quasi­
ordered, like the microspikes produced without a mask.

Figures 2(a)-2(e) show the development of the mi­
crospikes as the number of laser pulses increases, using a
mask with square openings, and with the laser polarization
parallel to the vertical axis of the mask. After five laser
pulses, periodic ripples form with the same wavelength as
the laser light (800 nm), oriented perpendicular to the polar­
ization of the laser light. Between 10 and 50 pulses, a coarser
periodic structure appears on top of the ripples, consisting of
ridges parallel to the polarization of the light and perpendicu­
lar to the underlying ripple structure. In the absence of a
mask, periodic ripples also form perpendicular to the laser
polarization, but the subsequent coarser structure lacks the
order of the structures shown in Fig. 2.9 Between 100 and
200 pulses, the underlying ripples vanish, and the coarsened
structure evolves into an ordered array of microspikes. If the
laser polarization is rotated 45° relative to the sides of the
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FIG. I. Scanning electron micrographs of ordered silicon spikes formed by
masking the irradiated sample with (a), (b) a 30-^.m hexagonal grid and (c),
(d) a 20-/xm square grid. The nearly Gaussian spatial intensity profile of the
laser pulse is shown at the top in grayscale (white corresponds to maximum
intensity).
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mask openings, as in Fig. 2(f), the coarsened structure that
exists after 10 pulses no longer consists of ridges parallel to
the polarization, as in Fig. 2(b). Instead, the coarsened struc­
ture is fragmented into smaller structures, and those struc­
tures fall roughly on a square array with axes parallel to the
sides of the mask openings.

We identify three stages in the process of spike forma­
tion from the images presented in Fig. 2. First, ripples form
on the silicon surface, then a coarsened layer forms on top of
the ripples, and finally the coarsened layer fragments into
beads which subsequently are etched into microspikes. In the
remainder of this letter, we will discuss possible mechanisms
for this process.

Periodic ripple formation upon laser irradiation of solids
with nanosecond pulses below the ablation threshold has
been previously reported, and was attributed to periodic
melting of strips on the surface (at low fluence) or capillary
wave formation in a uniformly melted area (at high fluence).7
Under the conditions we use, with each laser pulse, a plasma
forms; after the plasma expands, a molten silicon layer is left
behind on the surface, which solidifies before the next laser
pulse arrives. The ripples we observe [Fig. 2(a)] have the
same wavelength as the laser wavelength; we therefore ex­
pect that as in the nanosecond case, ripple formation is due
to capillary waves excited in the molten silicon by interfer­
ence between the incident and scattered laser light.7

Formation of the coarsened layer and subsequent frag­
mentation into microspikes could either involve plasma
oscillations10 or capillary waves in the molten silicon.6 In
addition, Fresnel diffraction of the incident light from the
edges of the mask openings11 should produce a modulated
temperature profile in the plasma or the liquid; temperature
variations may play a role in exciting or sustaining the oscil­
lations.

Let us first consider the possibility of a plasma oscilla­
tion induced by the trailing edge of the light pulse. By ana­
lyzing the radiation backscattered from a laser-produced
plasma, Jannitti and coworkers10 observed a resonant inter- 

100

e) 200 pulses] KUiOpui

FIG. 2. Scanning electron micrographs of (a)-(e) silicon spikes formed with
a square grid after increasing number of laser pulses. The direction of the
electric field is vertical in (a)-(e). (f) Spikes formed with the grid rotated
45° relative to the grids in (a)-(e).

pulses

action between the plasma and laser pulse light when the
plasma frequency equals the laser light frequency. This reso­
nance occurs because the electron density of the plasma in­
creases with increasing laser fluence; the corresponding
plasma frequency can therefore increase until the plasma fre­
quency is resonant with the laser light frequency, and the
electromagnetic field couples directly to the plasma oscilla­
tion. However, we find that increasing the fluence increases
both the typical separation of the microspikes [Figs. 1(a) and
1(c)] and the wavelength of the coarsened layer. If the mi­
crospike separation was determined by the plasmon wave­
length, increasing the plasma density, and therefore the
plasma frequency, should instead decrease the typical sepa­
ration of the microspikes and the wavelength of the coars­
ened layer. Therefore plasma oscillations cannot be respon­
sible for the arrangement of the microspikes.

Let us next consider capillary waves in the molten sili­
con as a mechanism for forming the coarsened layer. Diffrac­
tion of the laser light from the mask apertures causes inho­
mogeneous energy deposition into the substrate; as a result,
the temperature in the molten surface layer is periodically
modulated. The surface tension of the molten silicon de­
creases with increasing temperature, so the hot liquid flows
toward cooler regions, deforming the surface. Relaxation of
the deformation as the molten silicon cools can then excite
capillary waves in the molten liquid; these capillary waves
are most likely the instability that drives both the formation
of the coarsened layer and its subsequent breakup.

We can estimate the characteristic length scale of the
coarsened layer from the dispersion relation for capillary
waves in a shallow liquid layer:6,12
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X =
crd

P

1/4
(27T7-)'72, (1)

where X and r are the wavelength and period of the capillary
waves, respectively and <r, d, and p are the surface tension
coefficient, depth, and mass density of the liquid layer, re­
spectively. Note that the capillary wave period cannot exceed
the lifetime of the liquid layer T|iq, and therefore the average
spike separation Xspikc cannot exceed the wavelength corre­
sponding to Thq. We estimate T|iq to be between 75 ns (a
value measured by others with somewhat lower fluence at a
shorter wavelength13) and 600 ns (calculated from a simple
model that ignores the effect of ablation14). The penetration
depth a~l of 800-nm light into silicon is roughly 10 gm,15
and others have determined that the liquid layer formed at
lower fluence and shorter wavelength is roughly 100 nm
deep;13 we therefore expect the liquid layer depth d to lie
between these two limits. Using these ranges of values for
THq and d and literature values for cr and p16,17 in Eq. (1), we
estimate the longest allowed wavelength to be between 2 and
20 p.m. The observed Xspikc of 5 p.m (Figs. 1 and 2) falls
nicely in this range of values.

The observed increase of the average spike separation
with increasing fluence is also consistent with capillary
wave-driven formation. Increasing the fluence deposits more
energy in the silicon substrate, melting more silicon and
therefore increasing the liquid layer depth and lifetime. The
dispersion relation given above indicates that increased depth
and lifetime should correspond to a longer wavelength.

When the melted silicon layer is confined rather than
infinite in extent, the size of the melted area constrains the
allowed capillary wavelengths, and standing waves form. In
a melted square with side a, allowed standing wave vectors
are given by k= mn/a (m = 1,2,3,...). As we observe only a
single wavelength in all the squares irradiated with a given
fluence, some additional mechanism must be at work to se­
lect a particular wavelength. Fresnel diffraction from the
edges of the mask opening cannot on its own determine the
arrangement of the microspikes, as the spatial period of a
diffraction pattern is independent of laser fluence and there­
fore cannot produce a fluence-dependent arrangement of mi­
crospikes. However, the diffraction pattern may help select a
particular capillary wavelength. We calculated the power
spectrum of the diffracted light intensity on the silicon sur­
face, and find that the peak amplitude decreases with increas­
ing m.18 Consequently, diffraction should promote formation
of the longest wavelength capillary wave that can exist given
the lifetime of the melted layer. When the grid opening is
larger than 30 /mi, the diffraction pattern is only significant
near the edges of the openings, and so ordering only occurs
there.

The dependence of the structures on laser polarization is
also consistent with a formation mechanism involving both
capillary wave excitation and Fresnel diffraction. Because
the mask is conducting, the tangential electrical field at the
edges of the mask must be zero. When the polarization is 

parallel to one pair of sides of the square aperture, as shown
in Fig. 2(b) the intensity of the electric field is zero along the
parallel sides and nonzero along the perpendicular sides,
which may promote formation of wavefronts parallel to one
pair of parallel sides. When the polarization can be decom­
posed into roughly equal components along both pairs of
sides, as in Fig. 2(f), standing waves form parallel to both
pairs of sides.

In conclusion, we form micrometer-scale regions con­
taining ordered arrays of silicon microspikes by femtosecond
laser-assisted etching of silicon with periodic masks. We at­
tribute this ordering to the selection of particular capillary
waves in the molten silicon by Fresnel diffraction of light
from the mask aperture. These ordered arrays of microspikes
could find application as pixels of microspikes for field­
emission devices and detectors.
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ANTIREFLECTIVE COATINGS AND ELECTRICAL CONTACTS
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A surface through which light passes has to be treated so that it
reflects minimally, and electrical contacts have to be attached to a
cell to collect charges. Untreated silicon reflects more than 30% of
the light incident on it. However, a measured layer of silicon mon-
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no longer assume places in the silicon crystal—there are just too
many phosphorus atoms present for this simple structure. Instead,
the phosphorus and silicon form an alloy, eliminating the donor­
type electrical behavior of the phosphorus atoms. Because of this,
the heavily doped surface shows little resemblance to n-type silicon:
It is highly resistive and causes much recombination. Called the
“dead layer,” it is the subject of much work to minimize its negative
effects.

The thickness of the top collector layer is of some importance.
Solar cell efficiency is aided when light generates electrons and holes
near the junction because then there is mote likelihood that these
charge carriers will- be separated by the junction. As an illustration,
consider this possibility: If the top surface is too thin almost all the
light will pass through it and be absorbed below the junction. On the
other hand, if the front surface is properly designed, it can be made
the right thickness to absorb about half the light, while the remain­
ing light can be absorbed on the other side of the junction: this
would minimize the average distance from the junction of the light-
generated charge carriers.*  All of this is oversimplified but suggests
the parameters involved in designing a cell’s front layer. In silicon,
light absorption depends on wavelength (shorter wavelengths are
absorbed more easily): Over 50% of the sunlight incident on silicon
is absorbed within 3 micrometers of the surface, but it takes almost
300 micrometers in total to absorb all the rest of the sunlight. This
would suggest a cell with a shallow junction (less than 3 micro­
meters), a thick base, and a high mobility of charge carriers in the
base (because light-generated carriers may be formed far from the
junction).

‘Each incremental thickness of silicon has a certain constant probability of absorbing light
and having an electron-hole pair generated. The thicker the substance, the more likely light
will be absorbed.
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Figure 4-7. Texturing a ceil exposes the tetrahedral surfaces of tha silicon crystal
lattice f'a/. Light that strikes the cel! nearly perpendicuiary (W cart either be absorbed or
reflected; if It is reflected, it will strike another surface and have another chance to be
absorbed. Note also that light that is absorbed is bent at the treated surface, so that it
penetrates the cell obliquely. Because light travels through the cell at an angle, the cell
need not be as thick to absorb as much light. The lower reflectivity !c) and the longer
length the tight travels through the cell give about a 15% improvement in cell efficiency
over smooth, uncoated cells. (After Jonstors, 1980, p. 68.)
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oxide (SiO), a very good an&reflective costing, can easily be formed
on a silicon cell. A single layer of SiO reduces a silicon cell’s surface
reflection to about 10%, while a double layer (with another sub­
stance) can reduce it to below 3%.

A further means to reduce reflection is to texture the top surface
of a cell (Figure 4-7), Texturing causes reflected light to strike a
second surface before it can escape, increasing the probability of
absorption. For example, light with an 80% probability of being
absorbed on one bounce (and therefore a 20% chance being
reflected) has a probability of being reflected twice of (0,2) x (0.2)
— 0.04; i.e., its probability of absorption has been raised from 80%
to 96% by the textured layer.

Electrical contacts must be attached to a cell for the cell to be
placed in an electrical circuit. Design issues associated with contacts
are similar to those associated with coated and textured surfaces. It
would be best to completely cover the cell surfaces, back and front,
with contacts; this would minimize the resistance that charge car­
riers experience. But, obviously, covering a cell with an opaque,
metallic contact would completely block out the light. Thus a
tradeoff must be made between resistance losses and shading
effects. It is usual to design top-surface contacts as grids, with many
thin conductive fingers spreading to every part of the cell’s surface.
The grid fingers must be thick enough to conduct well but thin
enough not to block light. Such a grid keeps resistance losses suf­
ficiently low, while shading only about 10% of the surface. Grids can
be expensive to fabricate and can cause dependability problems. To
make top-surface grids, metallic vapors can be deposited on a cell
through a mask, or they can be painted on via a screen printing
method. Attaching the back-surface contact to a cell is frequently
not as complex: the contact simply can be a metal sheet. However,
new cell designs (for concentrated light, for instance) may require
that light enter the cell from the front and back, so that the back .of
the cell has to be treated antireflectively and 'have grid contacts,
also.

Experiments are being conducted on alternative grid designs
(such as putting them only on the cell’s back surface) and on finding
transparent grid materials, both of which are among the options
examined in Chapter 5 on advanced silicon cells.
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138 BASIC PHOTOVOLTAIC PRINCIPLES AND METHODS

The output from, an array is tied to' a collecting conductor,
called a bus. Sometimes the electrical connectors are called on for
double duty—such as conducting heat as well as electricity.

The designer, in addition to arranging a needed number of
cells, must make sure that the voltage within a group of cells cannot
cause electric arcing (akin to a lightning flash) to another group of
cells should voltage imbalances develop within the array. Arcing is
prevented by providing sufficient inter-module electric insulation.
Safely switches must also be provided for repair work.

PLACilMG THE CELLS

The way in which individual cells are placed in the array and the
cell’s shape have to be considered by the PV panel designer. Areas
within the array where there are no cells are areas that cannot
produce electricity. Overall panel efficiency, as measured by watt­
age per unit area, drops as the space between cells increases.

Early in the development of PV panels, the'designer mostly
used the round wafer cells that resulted from, pulling Czochralski
crystals. Also, early crystals were considerably smaller in diameter
than those grown today, aggravating the designer’s packing problem
(i.e., the need for a maximum cell-to-panel-area ratio). The design­
er, however, is not always interested in the use of large cells to
boost packing efficiency. Cell sizing is an important aspect in creat­
ing modules with desired electrical characteristics. The current
available from a cell grows with the size of the cell: the voltage
remains constant (depending only on the potential existing at the
cell junction, which is invariant). To build modules providing large
voltage outputs requires many small cells connected in series.

Nevertheless, were packing a particular consideration, the
designer could make use of round cells that had been cut in half and
then placed into an array in an offset pattern to get more of them
into a unit area, or the designer could have the disks specially cut
into hexagons or squares to increase the packing density of the cells
even more. But such specially shaped cells are considerably more
costly than the round cells from which they are prepared (Figure
9-4). Hexagonal and square-shaped cells also invariably are smaller
than round cells from which they are cut. Being smaller, more cells are

Figure 9-4. Thera arr
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140 BASIC PHOTOVOLTAIC PRiNCIPLES AND METHODS

needed and this contributes to electrical connection complications
(in joining increased numbers of cells). More recently, designers
have had the option of choosing cells with areal shapes deter­
mined by the method of growth (see previous chapters covering cell
design). But cells made from, say, ribbon material, are smaller and
often produce electricity less efficiently than round cells from
Czochralski-drawn material: Thus, depending on a particular array
design, square cells cut from ribbon may or may not be preferred.

Although the designer’s aim is to place cells as closely together
as possible, cells cannot be allowed to touch or they will short out
electrically. In fact, extra space must be allowed between cells to
accommodate thermal expansion. The best packing of an array,
therefore, usually is about 90%.

ARRAY SUPPORT

There is more to array building than simply resolving electrical
needs. Individual solar cells are fragile. Groups of them can be
equally fragile, if not more so. Each module must be able to hold up
to the rigors of assembly and disassembly (during maintenance).
Terrestrial arrays must be able to withstand wind toads and me­
chanical movement. Earthbound and space arrays must stand up to
stresses induced by temperature changes. The array must be struc­
turally self-supporting and/or have a supporting frame (Figure 9-5).

Weight, per se, of the array support structure is not much of a
consideration for terrestrial arrays. The cost of the support structure
is, however, quite meaningful. The situation is quite reversed for
PV satellite applications, where every ounce of weight is at a pre­
mium, and the price for saving ounces is not an overriding consid­
eration.

MODULE COVERS

Part of a module’s support is in the form of the transparent cover
applied to it, particularly if glass is used. The primary application of
the cover, however, is to protect the PV module. For terrestrial
arrays, for example, protection is afforded against such conditions
as oxygen, humidity, dust, and^precipitation. An earthbound array
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Figure 9-5. Among otherthings a standard design for encapsulating an earthbound PV
module must take into consideration the transmissivity of the cover, the integrity of the
frame, and the ftmctionability lability to stay in place) of the gasket and/or sealants.

cover, incidentally, differs from that for a spaceflight array. 'The
terrestrial module is overiayed with an integral cover. In the space
array the individual solar cell is protected. Part of the reason for an
integral cover is that it is thus easier to protect a large number of
earth-array cells from humidity and oxygen seepage—elements not
encountered in space.

Since module covers must be transparent to the part of the
sunlight that excites the PV cells, covers made for silicon cells are
usually materials that admit light in the violet to the far-infrared
spectrum and beyond (0.3-3 micrometer wavelength region).

Some modules have transparent covers at their front and back
so that light can enter the solar cells from two directions, thereby
increasing photocurrent output from the cells. (Special mounts are
required for arrays of this nature,, and they are covered in Chapter
10).

Cover materials that have been employed to date, either sepa­
rately or in combination, include glasses and both rigid and flexible
plastics. In general, glass is more resistant than plastics to the
elements that the cover is intended to protect against. However, for
space applications, where weight is a big factor, use of plastics is

liMiilBO
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In space, the only cooling option is to radiate away excess heat. For
earthbound arrays, the designer can rely on radiation, convection,
and conduction to keep the array from working at temperatures that
appreciably degrade operation. (The cooling design for one com­
pact module is shown in Figure 9-6).

For earthbound arrays not subject to concentrated rays of the
sun, cooling can usually be achieved without elaborately designing
for it. Natural radiation and convective air currents do all the
cooling needed so- long as the array is not installed in. a way that
impedes air circulation. For many applications (and particularly in
space), black heat sinks and radiative fins (passive system) must be
provided at the back of the panel to help radiate the heat. For
terrestrial applications, it also is possible to provide coolants, such as
water and fluorocarbons, pumped through tubes embedded in a
panel’s support structure in order to conduct heat from the panel
(active system). Passive cooling systems are basic to satellite arrays.
They are also generally preferred for earthbound arrays. Only when
large optics are used to magnify the sun’s light, by perhaps a
hundredfold or more, are active systems made part of an array
cooling design.

more likely than glass. For terrestrial applications, glass usually is
preferred for its low cost, high performance, and retention of clar­
ity. For example, if the glass is regularly washed, the amount of light
transmitted through the glass can be expected to remain for 20 or
more years within 5% of that at the time of manufacture. (Of
course, glass may be more susceptible to breakage than is plastic,
and care must be taken to provide glasses that are appropriate to the
applications). Even the best plastics will lose 25% and more trans­
missivity within several years.

The covers, which are usually cemented in place using silicones,
must be made as thin as possible, not neccessarily for purposes of
keeping transmissivity high, but for aiding in the cooling of the
module. As discussed in previous chapters, the performance of a
silicon PV ceil degrades if it heats much above 25°C. It is therefore
usually expedient to provide for cooling of the arrays.

142 BASIC PHOTOVOLTAIC PRINCIPLES AND IWETHODS'
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A 1280x960 3.75um pixel CMOS imager
with Triple Exposure HDR

Johannes Solhusvik1, Sohrab Yaghmai1, Arthur Kimmels1, Christian
Stephansen1, Alf Storm1, Jenny Olsson1, Anders Rosnes1, Tore

Martinussen1, Trygve Willassen1, Per Olaf Pahr1, Siri Eikedal1, Steve
Shaw2, Ranjit Bhamra2, Sergey Velichko3, Dan Pates3, Sachin Datar3,

Scott Smith3, Lingtao Jiang3, Dave Wing3, Ajaya Chilumula3
*Aptina Imaging, Oslo, Norway,
2Aptina Imaging, Bracknell, UK

3Aptina Imaging, San Jose, CA, USA

A triple exposure 20-bit output high dynamic range (HDR)
CMOS imager w ith sub 2e- rms noise floor is presented. The
array consists of 1280x960 pinned photodiode pixels with
3.75um pitch and programmable (high or low) conversion gain
(Fig. 1). A tw o-way row sharing architecture is utilized after
weighing fill factor (i.e. QE and crosstalk) against conversion
gain (reduced with sharing). The dual conversion gain (CG)
feature allows CG adjustment globally across all pixels to
match the overall light level in the scene. This is controlled by
turning the DCG gate ON or OFF to connect or disconnect the
in-pixel capacitor C to the floating diffusion (FD) node. CG is
equal to 147uV/c- in High CG (HCG) mode and 37uV/c- in
Low' CG (LCG) mode. The timing diagram in Fig.2 illustrates
the pixel readout process in LCG mode. The DCG gate is
turned on when ROW is active, as well as during the extra
pixel reset operation. The latter is done to avoid long duty
cycle high voltage stress on node A when the sensor is running
in LCG mode.

The ‘triple exposure’ HDR method yields two knee-points and
is essentially an extension of the HDR scheme presented by
Yadid-Pecht et al (JPL) at this Workshop in 1997. It benefits
from inherent signal-to-noise advantages compared to other
HDR schemes (e.g. lateral overflow), namely (i) no added
pixel circuitry', (ii) no reduction in full-well capacity and (iii)
supports regular CDS readout. This comes at a cost of 3x
faster readout electronics and on-chip line buffer memory,
both of which increases die size and power.

In this device w e have implemented 42+3 rows of line
memory' based on a target to keep SNR above 20dB (in LCG
mode) at the knee-points where SNR is at its low est. The term
‘triple exposure’ signifies three captures per frame, each with
different integration lime (Tl, T2 and T3). This is achieved by
sampling and digitizing three pixel rows per row -time
(nominal 22.2usec) as illustrated in (Fig.3). Two of the rows
(Tl and T2) are stored in memory' for later use and the third
(T3) is combined with previously sampled Tl and T2 data to
generate the output value. Tl is the longest integration time.
Its’ maximum value is equal to l/(Tframe-T2-T3) w hich is the
case illustrated in Fig.3. The T3 row represents the shortest
integration time, and it is also the output row. The other two 

are ‘pushed’ onto their corresponding line memory' stacks (one
for Tl and one for T2). At the opposite end of these stacks one
finds the Tl and T2 pixel values corresponding to the output
(T3) row7. By combining these three values (Tl, T2, and T3)
one obtains a 20bit linear response pixel value suitable for
post processing in the ISP (color processing, tone mapping,
etc.).

Fig.4 shows the chip block diagram. Onc-timc-programmablc-
memory (OTPM) is used to store trimming values and pixel
defect correction table. The auto-exposure module sets
integration time and exposure ratios depending on the scene
dynamics. After linearization to 20bits in the signal processing
data path, output values can be compressed to Mbits or 12bits
(parallel or serial SLVS) in the output data path. A more
detailed view of the analog readout architecture is given in
Fig.5. Triple exposure HDR imposes three times faster row7
sampling and A/D conversion compared to a regular linear
sensor. Both serial readout (one ADC) and group parallel
readout w ere considered, but a column-parallel architecture
was chosen primarily due to lower pow er consumption. Every'
column-pair has its own 2:1 multiplexer (MUX), a 20dB
programmable gain amplifier and a 12-bit successive
approximation (SA) ADC. Even and odd columns are sampled
at the top and bottom depending on the row number being odd
or even. This gives better layout efficiency (twice the pixel
pitch per column layout) and reduced green channel offsets
(since neighboring Gr and Gb pixels are read out through the
same column mux+amp+ADC). The SA-ADCs are capable of
running up to 750kpix/sec. The Correlated Double-Sampling
(CDS) and A/D conversion process for one row lasts
approximately 5.5us.

The chip floorplan (Fig.6) illustrates the positioning of the
various modules. Both serial (1-4 lane SLVS at 450Mbps) and
12-bit parallel output is supported. In the latter case a 20-to-12
bit companding scheme w ith its knee-points close to the actual
T1/T2/T3 knee-points is utilized to minimize compression
losses.

At present time, first silicon has emerged from the fab and
available measurement data confirms projected
performance. Fig. 7 illustrates HDR 20bit output mode signal
and noise performance. Measured dynamic range is >110dB.
Fig. 8 illustrates signal-to-noise ratio as a function of light
level. It confirms that SNR keeps well above 20dB at the knee­
points. Fig. 9 shows SNR performance in linear mode. By
selecting LCG or HCG upon light level a dynamic range of
>72dB is achieved. Low readout noise <2e- enables image
capture with Navitar (F#2.8) lens below 0.05lux at 5 frames
per second. Bare die quantum efficiency (QE) is shown in Fig.
10. Maximum QE reaches 60% for green. A captured HDR
scene is shown in Fig.11, and some basic performance
parameters are listed in Table 1.
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Power consumption 340mW 720p60 mode, Vaa=2,8, Vdd=1.8
High CG 147uV/e- Measured on 1st silicon
Low CG 37uV/e- Measured on 1st silicon
Source follower gain 0.92 Measured on 1st silicon
Read noise @ Low CG < 7e- rms 10xgain, 74.25Mpix/sec
Readnoise @ High CG < 2e- rms 10xgain, 74,25Mpix/sec
Dynamic range @1x gain 112dB CGL, T1/T2=T2/T3=16/1
Dynamic range @8x gain 106dB CGH, T1/T2=T2/T3=16/1
T1/T2=T2/T3 ratios 4x, 8x, 16x, 32x Programmable
Output data 12b, 14b, 20b Parallel or serial (SLVS)
Chip die size 7.9mmx7.9mm
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A study of the x-ray sensitivity of amorphous selenium (a-Se) for digital mammography has been
performed. A uniform layer of a-Se was deposited on a glass substrate with electrodes on both
surfaces. The deposition procedure was identical to that used for a-Se flat-panel detectors. A high
voltage was applied to the top surface of the a-Se layer in order to establish an electric field ESc.
Then the sample was exposed to x rays with 27 kVp spectra generated from an x-ray tube with a
molybdenum (Mo) target. The mean x-ray energy of the spectrum used was —16.6 keV. The x-ray
cunent generated by the a-Se layer was measured as a function of ESe. From, the current measure­
ment and the estimation of total x-ray energy absorbed in the a-Se, the energy required to create one
electron-hole pair (EHP), V/, was determined as a function of ESe. It was found that at the most
commonly used ESe of 10 V//zm, W was measured as 64 eV. This is considerably higher than the
widely accepted typical value of W7;:-50eV measured at higher x-ray photon energies (e.g., 50
keV). The dependence of IV as a function of ESe can be best lilted using the empirical expression
of ESeY. This relationship is consistent with the results obtained at higher x-ray energies. This
article provides an accurate measurement of x-ray sensitivity of a-Se at mammographic energies
independent of detector operation, such as the most recently developed flat-panel detectors. The
results will be a useful tool for investigation and optimization of a-Se-based x-ray imaging detec­
tors, such as determination of pixel fill-factor and optimal ESe during operation. © 2002 American
Association of Physicists in Medicine. [DOI: 10.1118/1.1449874]

Key words: amorphous selenium, x-ray sensitivity, mammography

digital mammography detectors are desirable, arid one
method is to use photoconductors for direct x-ray detection.1 * * * *

I, INTRODUCTION

Digital mammography has been under investigation for over
a decade to overcome the limitations of traditional screen­
film mammography. Currently, three different types of digital
mammography systems with instantaneous image readout
have been developed commercially.1 They all use a column-
structured, thallium-doped cesium iodide [CsI(Tl)l scintilla­
tor as the x-ray detector, which absorbs the incident radiation
and converts the energy to light photons. The light photons
are then converted to electrons by an optical sensor, which is
either an array of photodiodes or charge coupled devices
(CCD). This method of x-ray detection using a phosphor is
often referred to as the indirect approach. The column struc­
ture of the CsI(Tl) helps channel light lo the surface. How­
ever, due to imperfections in the columns, there is still sig­
nificant image blurring in the system, and the problem
worsens as the thickness of CsI(Tl) increases. The blurring is
also depth dependent, which results in a detective quantum
efficiency (DQE) that decreases at high spatial frequencies.2-3
Methods for improving the high, spatial frequency DQE of

In photoconductors, such as amorphous selenium (a-Se), the
absorbed x rays are converted directly to charge, which is
then drawn to the surfaces by an applied electric field with­
out significant image blurring. High-resolution images have
been produced with an a-Se detector using a laser readout
method.4 * * Other photoconductors such as silicon (Si) and cad­
mium zinc telluride (CZT) have also been proposed for a
direct conversion slot-scan digital mammography detector?

Recently, flat-panel digital detectors based on amorphous
silicon (a-Si) active matrix technology have become a clini­
cal reality in radiographic applications, and their attractive
features include compact size and rapid image readout. Both
the direct6 * * * * * * * * * * * * * *’4, and indirect14 4J methods have been imple­
mented. For mammography, so far only indirect flat-panel
detectors (with 100 p,m pixels) have been
commercialized.14,15 However direct a-Se flat-panel mammo­
graphic delectors (85 and 70 p:m pixels) are under
development.16,1' Efforts have also been made on the devel- 
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optnent of small area a-Se flat-panel detectors based on the
more cost effective and lower noise CMOS technology for
application in interventional mammographic procedures such
as needle biopsy.18 With the increasing interests in tire devel­
opment of a-Se-based digital mammography detectors, it is
important to understand and optimize the fundamental prop­
erties of a-Se layers for the imaging conditions and x-ray
energies used for mammography. One important factor is the
x-ray sensitivity.

The x-ray sensitivity of a-Se has been studied previously
using different experimental methods and samples and for
different x-ray photon energies. The data published in the
1970s for the values of W are highly variable,19 and it is not
clear whether this is due to experimental error or differences
in a-Se samples. With the renewed interest in the use of a-Se
for digital x-ray imaging detectors,20 especially the flat-panel
detectors/1 there have been several recent studies on the
x-ray sensitivity of a-Se for photon energies used in diagnos­
tic radiology. Aiyah et al. measured W for an x-ray spectrum
of 60 kVp using the radiographic discharge method, where
the surface of an a-Se sample was charged to a preset voltage
by a corotron, then exposed to a known amount of radiation
and the residual surface potential was measured with an elec­
trostatic voltmeter/2 The difference in surface potentials al­
lows the estimation of the total amount of EHPs generated,
together with a calculation of the total amount of x-ray en­
ergy absorbed, the value for W can be determined. The ra­
diographic discharge method was also used in a more recent
study of W for three different x-ray spectra in the range of
40-140 kVp.22 Haugen et al. measured W for a 45 kVp x-ray
spectrum using the integrated current method, where an a-Se
sample under a constant ESe was exposed to a known amount
of radiation, the current across the a-Se during irradiation
was measured, and it was integrated to obtain the total EHPs
generated, from which H7 was determined.24 Both the radio­
graphic and the integrated current methods require the calcu­
lation of the total amount of energy, £ab, absorbed in the
a-Se layer, which is subject to error in the determination of
the spectrum. Rowlands et al. developed a more direct
method for measuring Wbased on pulse height spectroscopy,
where a small sample of a-Se was used as the radiation sen­
sor for monoenergetic x rays ranging from 39.9 to 58 keV.1’
A more recent study by the same group improved the experi­
mental apparatus and extended the energy range to 40-140
keV.2'5 These recent studies of W reported more consistent
values, e.g., a nominal value of W= 50 eV at ESe
- 10 V/'/z.m with incident x-ray energy E of —50 keV, More­
over, recent studies of W have also revealed an energy de­
pendence, i.e„ W decreases as incident x-ray energy E
increases,2’'25 the mechanism for which is not yet fully un­
derstood with the continuing debate between columnar and
Onsager recombination models for a-Se. Because of the en­
ergy dependence of W and the lack of published data for W at
typical mammographic energies, where the mean incident
x-ray energy is often <20 keV, we conducted the present
study for the a-Se layers used in ongoing development of
a-Se fiat-panel digital mammography detectors. Our study
will provide complementary data in a different x-ray energy

Electrometer

X-rays
r-W

Amorphous Selemum

Fhvdc
L_„bjas...

Fig. 1. Schematic diagram showing the experimental setup.

range for the continuing investigation of x-ray sensitivity of
a-Se. Because our study is performed independently from
any image sensor, the results can be used in the investigation
of imaging performance of a-Se flat-panel digital mammog­
raphy detectors, such as the determination of pixel fill factor.
The results will also be useful in optimizing the x-ray sensi­
tivity of a-Se based image sensors.

Because of the lower x-ray energy used in mammography,
the number of EHPs generated by each x ray is 300-400.
This makes it difficult to use the more accurate PHS method
because the electronic noise of the apparatus limits the en­
ergy resolution. For our present study, we used the integrated
current method, and made careful determination of the inci­
dent x-ray spectrum.

IL METHODS

A. Experiments! apparatus and procedure

Figure 1 shows the experimental apparatus for the present
work. The a-Se layer used in our experiments was prepared
by Anrad Corporation using the same procedure as that used
in small area a-Se fiat-panel digital mammography
detectors.16 The a-Se layer was deposited on a glass sub­
strate, and has bias electrodes on both surfaces, with indium
tin oxide (ITO) on the bottom and aluminum on top. The
thickness of the a-Se layer is 240 /an and the active area of
the sample is determined by the size of the top electrode,
which is 87X87 mm2. The a-Se sample was biased using a
negative potential on the top bias electrode, and the current
in the sample before, during and after x-ray exposure was
measured using an electrometer (Keithley model 6517). The
current signal is taken from the bottom electrode of the a-Se
sample arid fed to the input of the electrometer, where the
potential is kept at virtual ground. The electrometer is
equipped with an A/D converter and storage memory so that
the measured data for each exposure can be stored and trans­
ferred to a host PC through GPIB interface after the exposure
is completed. Then the current measurement was integrated
over the period of x-ray exposure to obtain the total charge
generated by the a-Se.

E Senographe 6007' Senix HF x-ray mammography sys­
tem (General Electric) was used for the production of x rays
during the experiments. Hie x-ray tube has a molybdenum
(Mo) anode and added filters of Al or Mo. The x-ray tube has
two focal spot sizes, 100 and 300 /a-m. During our measure­
ment, we chose 27 kVp, the M’o filter (30 /.an), and the small
focal spot. The x-ray exposure was set at 32 mAs. The a-Se
sample was placed along the chest-wall side of a cassette tray 
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and centered. Since the size of the sample is only 87
X 87 mm(i) (i) 2 * * * *, a diaphragm was placed in the beam to reduce

(i)
p ig

where p,Jp and ,u/p are the mass energy absorption, and
mass attenuation coefficients of a-Se, respectively, and p. and

the radiation field (to 171X 110 mm2) in order to minimize
the amount of backscatter. The x-ray exposure to the a-Se
sample was measured with an ion chamber designed specifi­
cally for mammography (Radical Corporation Model 1015).
The dosimeter has the ability to measure the total exposure
and duration of each x-ray pulse.

B. Dark current

The dark current is the current produced in a biased a-Se
sample when it is not exposed to x rays. It originates from
either thermal excitation of charge carriers in the bulk of the
a-Se sample, or from injected charge carriers from the bias
electrodes. Our a-Se layer is equipped with blocking layers
at both electrode interfaces, and the purpose of these block­
ing layers is to minimize charge injection from the elec­
trodes. In order to accurately determine the x-ray photocur­
rent in the sample during an exposure, the dark current must
be measured before each exposure and subtracted from the
total measurement. The temporal behavior of the dark cur­
rent needs to be investigated so that we can allow sufficient
time between exposures for the dark current to stabilize.

C. Sensitivity

1. X-ray energy absorbed by a-Se

In order to measure the x-ray sensitivity of a-Se, i.e., the
W value, we must first determine the energy absorbed in the
a-Se sample for a given x-ray exposure. Since the x-ray spec­
trum front an x-rav tube is not monochromatic, the shape of
the spectrum must be determined. Previous studies of W us­
ing wide x-ray spectra often used a monoenergetic approxi­
mation of the incident beam for calculation of absorbed en­
ergy, which, can lead to significant systematic error. In the
present work, we used the parametrization model developed
by Boone el al. for mammographic spectra26 to calculate the
absorbed energy. In order to ensure that the modeled spec­
trum closely matches that generated by the x-ray tube, the
half-value-layer, HVL, of the modeled spectrum was calcu­
lated, and compared to the measurement of the HVL under
our experimental conditions. In the event of discrepancy be­
tween the calculated and measured HVL,, additional alumi­
num (Al) filtration can be added to the spectral model to
obtain a spectrum that best matches that used in the
experiments.2'6

Once the x-ray spectrum was determined, the energy ab­
sorbed in the a-Se layer was calculated using the method
described by Chen and Doi, which includes the energy ab­
sorbed due to k-fluorescence reabsorption.2' In this method,
the fraction of energy absorbed for each incident x-ray pho­
ton due to primary interaction is given by

L are the linear attenuation coefficient and the thickness of
a-Se, respectively. The PE value given in Eq. (1) does not
include energy deposited due to k-fluorescence reabsorption,
hence the total energy deposited by an incident photon of
energy E is given by

ET=EPE + EaPa+EpP,, (2)

w'here E„ and Ep are the energy of the ka and kg fluorescent
x rays, and P a and Pg are the probability of reabsorption of
ka and kEj x rays. The values of Pa and Pg of a-Se can be
numerically calculated by dividing the a-Se layer into many
thin sublayers.28 Then the total energy absorbed by the a-Se
layer can be calculated using

£’ab=S ^(E)Et(E), (3)
E

where g0(E) is the number of x-ray photons per mm2 per mR
with energy E for the given x-ray spectrum. The Eab given in
Eq. (3) has a unit of eV/mm2/mR.

2. Experimental determination of W

The total charge generated by a-Se, qSe, lor a given x-ray
exposure X was obtained by integrating the measured current
of the a-Se layer during the exposure. Then the value for W
can be determined using

(4)
(?Se

W'here qe is the charge for an electron and _4Se is the active
area of the a-Se sample.

For the present investigation, we measured W values as a
function of the electric field across the a-Se layer, ESe,
which ranged from 2 to 20 VZ/zm. Under each bias condition,
the measurement of x-ray-generated current in a-Se was re­
peated three times. For each current measurement, the result
was integrated and used to derive a separate value of W using
Eq. (4). These IV values were then averaged to obtain a
single value of W for each bias condition, and used to esti-
mate the experimental error.'

III. RESULTS AND DISCUSSION

A. Dark current

Shown in Fig. 2 is a typical measurement of dark current
of the a-Se sample as a function of time alter the high volt­
age bias was turned on. The measurement shown was with a
bias voltage of 2000 V, which corresponds to ESe
= 8.33 VZ/zm. It show's that the dark current decreases al­
most exponentially as a function of time after the high volt­
age was applied, and the value stabilizes after —20 min. This
behavior was observed for ail ESe values used in our experi­
ment, Our hypothesis is that the blocking layers of the a-Se
sample function by trapping charge injected from the elec­
trodes, as shown in the diagram of Fig. 3, and reducing the
electric field at the interface between the bitts electrodes and
the a-Se layer. When the high voltage is first turned on, there
is no buildup of charge in the blocking layer, hence the
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Fig. 2. Dark current measurement for the a-Se sample with bias voltage
= 2000 V, i.e., ESe=8.33 V/jum.

charge injection and dark current is high. As the injected
charge starts being trapped in the blocking layer, the electric
field at file interface decreases, which in turn reduces further
charge injection from the bias electrodes. Because this pro­
cess of minimizing dark current takes a certain amount of
time to reach equilibrium, during our experiments we al­
lowed at least 20 min after the application of high voltage
and between subsequent x-ray exposures for the dark current
to stabilize.

B. Sensitivity

1. X-ray energy absorbed by a-Se

The modeled spectrum for the x-ray beam used in our
measurement (27 kVp with Mo target and Mo filtration) is
shown in Fig. 4. Its HVL was calculated to be 309 /.im. The
mean incident x-ray photon energy of this spectrum was cal­
culated to be 16.6 keV. The result of experimental measure­
ment of HVL is shown Fig. 5, which is a plot of measured
x-ray exposure as a function of thickness of Al filtration in
the beam. The .41 filters used in the experiments were of type
1145 with 99.45% purity. The HVL was determined by loga­
rithmic interpolation of the measured data, and yielded, a
result of HVL=30.5 ycm. Since the HVL of the modeled 
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Fig. 4. Modeled x-ray spectrum for 27 kVp beam with Mo target and 30 /rm
thick Mo filtration.

spectrum closely matches that generated by the x-ray tube
during experiments, the modeled spectrum was used directly
for the calculation of energy absorption in a-Se. Using Eq.
(3), the total energy absorbed in the a-Se sample is 3.69
X 1012 eV/fflirf/mR.

bottom bias electrodes

Fig. 3. Schematic diagram showing the trapping of charge carriers in the
blocking layers of the a-Se sample, which reduces the electric field at die
interface between die bias electrodes and a-Se, and minimizes dark current.

2. Determination of W

Figure 6 shows the result of the x-ray current measure­
ment as a function of time with ESe= 10 V//im. The slow
rising of current after the x-ray was turned on is mainly due
to the slow rising of the x-ray exposure from the x-ray gen­
erator. Lag is evident in the current measurement at the fall­
ing edge of the x-ray pulse; it is usually due to release of
trapped charge in the bulk: of a-Se. The mechanism and char­
acteristics of lag in a-Se will not be the subject of discussion
for this article and will be investigated and reported in future
publications. However, in order to minimize the effect of lag
and ensure that all x-ray-generated charge was included in
the determination of W, the integration of x-ray-generated
current was performed until 200 ms after the x-ray is turned

1000
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a

E.
©

100 200 300 400
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Fig. 5. X-ray exposure measured as a function of Al filtration for the deter­
mination of HVL for the X-ray spectrum used in the experiments
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Fig. 6. Pios of x-ray induced current in the a-Se sample as a function of time
wills Es.= 10 V/uns.

off (when lag is less than 3%). Once the x-ray-generated
charge was obtained, the value for W was calculated using
Eq. (4) and the results are plotted as a function of ESe in Fig.
7. It shows that W decreases as a function of ESe, and the
dependence can be best lilted by a power law. This field
dependence of W has been seen previously by Rowlands
eta/.,19 Haugen et al.;*  Blevis et al.,25 Donovan,39 and
Aiyah et alE“ It was found that with an empirical fitting of
IF—ESe7, the typical value of y ranged from 0.7 to 1. The fit
from the data obtained in our investigation results in y
= 0.70+ 0.01, which is within the range of values from pre­
vious studies.

A widely accepted typical value of Wat ESt = 10 V//.rm is
—50 eV for a 50 keV incident x-ray photon.21 This is to be
compared with our result of W === 64 eV under the same £Se
with mammographic x-ray energies. The mean x-ray energy
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Fig. 7. The energy required to create one electron-hole pair (EHP), W, of
a-Se determined as a function of the electric field across a-Se, Es.. The
fitted curve used W—ESJ .
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Fig. 8. Measured Wat £s,.--10, 15, and 20 V/zzm plotted with previously
published measurement of W as a function of incident x-ray energy £. The
W values for £ - 40 to 140 keV were extracted from Ref. 25. The solid lines
are fitted curves using W

for the spectrum used in our experiment was 16.6 keV, which
is lower than the x-ray energy used in previous studies. The
dependence of W on the incident photon energy E was inves­
tigated experimentally by Blevis et al.22’ for photon energies
ranging from 40 to 140 keV (monoenergetic x rays). It was
found that W increases as E decreases, and the dependence
can be best fitted by a power law. Figure 8 shows the W
measurement published by Blevis el al. as a function of in­
cident photon energy E for three ESe bias of 10, 15, and 20
V/jU.m, Plotted in the same graph are our measurements of W
for mammographic x-ray energy (mean energy of 16.6 keV)
under the same E’Se, and the data were fitted to the power
law of E~7. From Fig. 8, it is plausible that the higher W
value obtained in our experiment is due to the lower x-ray
energy. However, we cannot rule out the possibility that it is
due to the difference between the properties of our a-Se
samples and those used in previous studies.

IV. CONCLUSIONS

We have investigated the x-ray sensitivity of a-Se at mam­
mographic x-ray energies. The energy required to generate a
EHP, W, was measured as a function of electric held ESe with
a 27 kVp x-ray spectrum (Mo target with 30 gm of Mo
filtration). It was found that the dependence of IV on £’Se can
be best fitted to the empirical expression of IF— E'sy , with y
determined to be 0.70±0.01. This is within the range of
possible values found with previous studies. Compared to
previous measurement of W for higher x-ray photon ener­
gies, our measurement of IF at mammographic energies
yielded values that are —25% higher. This is consistent with
the photon energy dependence of W discovered previously
for the photon energy range of 40-140 keV. This investiga­
tion provides a measurement of W of a-Se at mammographic
energies that is independent from any operation of digital 
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detectors, and the results can aid the investigation of imaging
performance of a-Se-based digital mammography detectors,
such as the flat-panel detectors.
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Simple integral screenprinting process for selective emitter polycrystalline
silicon solar cells

<J, Sziufcik, H. E. Elgamel, M. Ghannam, J. Nijs, and R. Mertens
//tferuawwiO? Miwlfcmia Center, IMEC Kapridrerf 75, A-AW2 Leuueit, Sei'gi'am

(Received 20 May 1991: accepted for publication 27 lune 1991)

This letter describes a new simple fabrication process, developed recently for “folue response”
improvement in low-cost palycrystalline silicon solar cells. A selective emitter is created
by heavily doping the emitter, followed by a wet etching-back of the cell area between the
fingers. An improvement up to 17 mV in Fo,; l.S mA/cm2 in and 1% (absolute
value) m t? is obtained. Effective phosphorus gettering, self-alignment, and application in a tow­
cost full screenprinting technology are the main advantages of the proposed process.

Screenprinting is considered as the most economical
technique for the large-scale solar cell production. Screen-
printed silver contacts penetrate about 0.3 /an in the Si
wafer during firing due to an etching action of the glass frit
contained in the silver paste. Therefore, a junction about
0.6 jum deep is made to impede the silver from teaching the
junction region. At the same lime a phosphorous surface
concentration of Ifr^-lO^at/cm-* is necessary in order to
obtain a low contact resistance and a high fill factor.1
These two requirements are the cause of the very poor blue
response of scslar cells with screenprinted contacts.

Typical emitter sheet resistances of industrially pro­
duced solar cells lie between 30-45 St/sq. Higher sheet
resistances result in a fill factor below 70% mainly due to
the high contact resistance at the interface between the
screenprinted contact and the emitter surface. However,
since a high-efficiency emitter has a relatively high sheet
resistance,2 an effective design for increasing the Hue re­
sponse of solar cells with screenprinted contacts would di­
vide the emitter in two distinct regions. In this selective
emitter design*' 1’ a low sheet resistance occurs under the
fingers and a high sheet resistance occurs in the emitter
areas between the fingers.

Many selective emitter solar ceil fabrication processes
involve two diffusion steps to form a grid-shaped emitter A5
The main problem associated with the two-step diffusion
processes when screenprinting is used is the accuracy of
alignment of the front side metal grid with the highly
doped emitter areos. Any misalignment results in shtmting
through the shallow junction between the fingers?

In this work, a simple, fully screenprinting fabrication
process excluding the necessity of two diffusion steps for
the formation of a selective emitter structure and avoiding
top contact: misalignment is presented for the first time. As
depicted in Fig. I, this process starts by screenprinting a
phosphorus-eontaining paste on the surface of a p-type
polycrystallme silicon wafer. This is followed by phosphor­
ous diffusion from the paste source into the substrate at
930 "C in a belt furnace to form a deep u * * emitter with.
a sheet resistance of 16-20 il/sq [Fig. 1(a)]. It has been
proven that this heavy phosphorus diffusim might be very
effective in guttering of the substrate.’ The back-side metal
contact is made by screenprinting a silver-alumlnum paste
followed by firing at 720 ”C. The front side metal pattern is

obtained by screenprinting a silver paste on top of the
emitter surface and firing at 645*C  [Fig- 1(b)]. In

order to avoid any attack on the different metal layers by
the etching solution, a polymeric protective paste is screen-
printed over the metal fingers and on the back-side metal
layer and dried at 150X1. An HF/HNOg solution is used
to etch-back the areas 'between the metal fingers. The etch­
ing-back is carried on until the sheet resistance of the free
emitter surface reaches <58-78 fl/sq. Finally a TiOj antire-
fiective coating is screenprinted on the front surface and
fired at 4S0 °C. During this step the protective polymeric
layers are burned am:.

The cross section of the selective emitter solar ceil ob­
tained by the integral screenprinting process described here
is shown in Fig. 1(d). In Table I a comparison between the

po sc pas?e

al

k pas’s

FIG, I, Fabrication steps of the integral swssoprirrtwg process for a
selective snitrer solar call.
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TABLE L Parameter of selective snd hwnogeswxws emitwr solar ceils
«r> integral prs^ess-

Supplier
Tv;re of
erosUct

Shestt resist.
[rt/W b»v)

A:
bnA/'csrr}

PF
[%1 bfei

Snppi. A Homogen. <40 556 27 75. S U.3
Si) ppi. A Selsctive 60 57.) zsi 75.3 12,3
Sttppl. s Horfiogoa. 40 532 28.9 73 12.3
Sttppl. b Selective 60 537 29.7 73.6 12,8

parameters of solar cells with different types of emitters is
given, From this comparison the improvement obtained by
the selective emitter structure is dearly seen especially for
the cell with the lower starting performance (supplier A).
It should be mentioned that apart, from the selective/
ncmelective emitter difference the cells of Table I followed
an identical processing scheme with no additional inten­
tional improvement steps such as surface passivation, tex­
turization, or get testing.

The integral screenprinting selective emitter process
leads to an improvement (I) in the open circuit voltage
AF(Ks5 17 mV, (2) in the short circuit current density
AJS,. ™ 1.5 mA/cm2, and (3) in the absolute value of the
conversion efficiency ~ 1%. Note that the increase in
Fw. is larger than what is expected to be associated with the
increase in Js,„ lienee, one can conclude that this is due to
a lower recombination velocity at the surface of the rela­
tively lowly doped emitter areas between the metal lingers
of the selective emitter solar cell. Finally, it should be men­
tioned (hat the width of the me.tal fingers for the cells
processed here is 200 pm. Further improvements in the cell
performance are expected when the sereenprinted top con­
tact finger width is made finer. A simple calculation shows
that with a finger width of 80,um the emitter area between
the fingers can be etched-back until a sheet resistance of
100 O/sq or mwe is reached while keeping a fill factor over
70%.

In Fig. 2 the measured spectral response of solar cells
(a) with an optimised homogeneous emitter, and (b) with
a selective emitter is presented. As expected the cell with
the selective emitter shows a higher response in the short
wavelength region (blue response).

g' 0,45

£ 0.25
«

8.7 o.s o.n
O.n < :<•::gifs (gr)ij

FK1 .1 Spectral response of supplier A solar cells; (al with a homage-
aeous emitter 140 tVsq), and ' 5) with a selective emitter {20 ft/wj Wider
iwntacts. sad eO U/sej between fingers J.

The advantages of the selective emitter process pre­
sented here are numerous. First, only one phosphorus <lif-
fusion step is required for the emitter. At the same time,
this heavy diffusion step getters the silicon substrate. Sec­
ond, the critical alignment of the silver grid with the highly
doped » * ~ regions is avoided and replaced by an easy
alignment of the protective paste to the silver fingers. Fi­
nally, such a low-cost integral screenprinting process can
be directly applied to the industrial production of solar
cells.
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Formation of single crystal sulfur supersaturated silicon based junctions
by pulsed laser melting
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The authors demonstrate the formation of pn and wi+ junctions based on silicon supersaturated with
sulfur (up to 0.46 at. %) using a combination of ion implantation and pulsed laser melting. Silicon
wafers were implanted at 200 keV 32S+ to doses ranging from 1 X 1015 to 1 X 1016 ions/cm2 and
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of Beirut. Beirut. 1107 2020. Ixbanon; electronic mail:
malck.tahhalti'auh.cdu.lh

^Present address: Fatigue and Fracture Analysis Brunch. Benet Laborato­
ries. Watervliet, NY 12189.

subsequently melted and resolidified by using a homogenized excimer laser pulse. Above a
threshold laser fluence of ~ 1.4 J/cm2, the process produces a single crystal supersaturated alloy,
free of extended defects, with a sharp junction between the laser melted layer and the underlying
substrate, located near the maximum penetration of the melt front. Hall effect measurements
indicate that the laser melted layers are it doped with a free carrier density up to 8 X 10l8/cm3 that
decreases by one-third upon postirradiation furnace annealing at 550 °C. Dark current-voltage
measurements performed on these structures show good rectifying behavior. The photovoltaic
characteristics of the junctions were enhanced by postirradiation annealing at 550-800 °C. These
effects are attributed to the evolution of a population of point defects that survive the laser treatment.
The influence of ion implantation dose, laser fluence, and annealing temperature on the properties
of the junctions is also presented and discussed. © 2007 American Vacuum
Society. [DOI: 10.1116/1.2796184]

I. INTRODUCTION

Recently, there has been significant interest in the optical
and electronic properties of laser-microstructured chalcogen-
laden silicon, a form of Si that shows enhanced optical ab­
sorption al wavelengths above and below the band gap.1'2
For example, lascr-microstructurcd chalcogen-laden silicon
was recently used for the fabrication of Si-based electronic
and optoelectronic devices including 1R photodiodes,3
photodetectors,4 and electron emitters.5 Typically, the mate­
rial is synthesized by repealed femtosecond or nanosecond
laser irradiation of Si wafers in SF6, leading to sulfur-laden
disordered silicon layers with about 10 /xm tall spikes.I <’’7
We recently demonstrated significant enhancement of the
subband gap absorption,8 with little surface damage or
roughening, via the irradiation of sulfur-impiantcd silicon
with a few spatially uniform nanosecond excimer laser
pulses. Because excimer lasers are widely utilized for indus­
trial processes, and smooth surfaces arc well suited to many
device architectures, this approach is very promising for a
wide range of novel applications. However, to date, little is
known about the structure and electronic properties of lascr-
microstructurcd chalcogen-laden silicon. In this article, we
investigate the structural and electrical properties of excimer
laser-crystallized Si ion implanted with sulfur at levels of 

several orders of magnitude above the solid solubility limit.
The article focuses on the evaluation of the crystalline qual­
ity of the laser melted layers using channeling Rutherford
backscaltering spectrometry (C-RBS) and transmission elec­
tron microscopy (TEM), and on their electrical properties
assessed using Hall effect and current-voltage (/-V) charac­
terization performed in the dark and under simulated solar
irradiation. The effect of implantation dose, laser fluence,
and postirradiation thermal annealing on the properties of the
junctions is also presented and discussed.

II. EXPERIMENT

300 ju.m thick, single-side polished n-Si(lll) (P doped,
1.2kQcm, and ~10l2cm-3), n-Si(001) (P doped and
~5$lcm), and p-Si(001) (B doped,. 5 0cm, and
—1015 cm-3) were ion implanted at room temperature with
200 keV 32S+ to doses ranging from 1 X 1015 to I
X 1016 ions/cm2. The ion implanted samples were then irra­
diated in ambient, using a spatially homogenized pulsed
XeCI*  excimer laser beam (308 nm, 25 ns full width at half
maximum, and 50 ns total duration) with fluences of 1.0, 1.4,
and 1.8 J/cm2. In order to process a sufficiently large area
(1.5X 1.5 cm2), the samples were mounted on an X-Y stage
and the ~3 X3 mm2 excimer laser spot was tiled across the
area; consequently, the average point on the surface was ir­
radiated by four to five pulses. Time-resolved reflectivity
(TRR) of a low-power Ar+ ion laser (488 nm) confirmed an
optically flat surface and allowed us to monitor the duration
over which the surface was molten. The Ar+ ion laser beam

1847 J. Vac. Sei. Technol. B 25(6), Nov/Dec 2007 1071-1023/2007/25(6)/1847/6/823.00 ©2007 American Vacuum Society 1847
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is incident near the grazing angle on the Si surface and its
rcllcctcd beam is detected by a fast photodiode that is con­
nected to a digital oscilloscope in order to record the tempo­
ral variation of the rcllcctcd intensity. TRR was also used to
calibrate the laser fluence by measuring the melt duration for
a virgin crystalline Si wafer and to compare predictions of
the melt depth versus fluence by a numerical solution of the
one-dimensional heat equation using the well-established op­
tical and thermophysical properties of crystalline, amor­
phous, and liquid silicon.9’"' After the laser melting experi­
ments, some samples were furnace annealed in flowing
99.999% Ar gas or in forming gas (10% H2 and 90% N2) for
30 min at temperatures ranging from 400 to 1000 °C.

The crystalline quality of the laser melted layers was
quantified by Rutherford backscattcring spectrometry in
channeling mode (C-RBS) performed using 2 MeV Hc+ ions
down the [111] and [00I] axes for the n-Si(lll) and
p-Si(OOI) substrates, respectively. Cross-sectional TEM
(XTEM) examination was also carried out at 200 kV using a
JEOL 201 OF electron microscope, with lattice imaging ob­
tained along the Si [HO] direction. The surface morphology
and roughness were investigated by ex situ atomic force mi­
croscopy using a MultiModc™ scanning probe microscope
(NanoScopc HI) from Digital Instalments in tapping mode.
The S concentration-depth profile in the laser melted layers
were determined by secondary ion mass spectrometry
(SIMS), as described elsewhere." The carrier concentrations
and carrier mobilities of the laser melted layers were deter­
mined using room-temperature resistivity and Hail measure­
ments, both in the van dcr Pauw configuration." In all cases,
samples were cleaved into 0.6 X 0.6 cm2 squares, and
99.99% indium solder contacts were applied. To determine
the free carrier concentration ne, the sheet carrier density
(eleclrons/cm2) is divided by the thickness of the
S-incorporatcd layer determined from SIMS. To facilitate /-V
measurements, electron beam evaporation was used to de­
posit, through a mask, narrow Cr-Au strips and metallic con­
tact pads on top of the melted layers and on the back surface
of the wafers, respectively. Current-voltage (/-V) measure­
ments on the nit*  and pit junctions were performed, at room
temperature, in the dark and under an AM 1.5 solar
simulator,'2 with 100 mW/cm2 power density.

HL RESULTS AND DISCUSSION

A. Microstructural characterization

in Fig. I, we present C-RBS spectra of S-iinplanted
(I X IOlh ions/cm2) Si (Hl) substrates that were laser
melted at different laser fluences. We also present the random
and channeling spectra of the unimplantcd virgin substrate
and the channeling spectrum for the as-implanted wafers. In
the latter spectrum, two distinct dechanneling peaks are ob­
served, the first (~ 1130 keV) corresponds to the surface sili­
con atoms and the larger second peak (~ 1035 keV) arises
from a heavily damaged crystalline or partly amorphous
layer (—100 nm thick) buried beneath a more lightly dam­
aged crystalline surface layer. The absence of a fully amor-
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Fig. I. Channeling RBS spectra of the following Si (Hl) substrates: unim-
plantcd virgin (—). as implanted (O), implanted and pulsed laser melted
(PLM) at 1.0 J/cm2 (V), and implanted and PLM at 1.4 J/cm2 (—). The
random spectrum of the virgin Si (111) wafer is also shown (+). The ion
dose for the implanted spectra is I X 1016 ions/cm-. Tlie peak at —730 keV
is from surface oxygen.

phous topmost damaged layer is indicative of surface heating
by the incident ion beam during implantation. The peak of
the damage is found to be at 210 nm, very close to the peak
of the sulfur implant profile, which is located at 230 nm from
the top surface, as measured by SIMS.8 From the channeling
spectra of the laser irradiated samples, it is clear that the
crystallinity of the laser melted ion implanted layers is very
sensitive to laser fluence. The strong dechanneling peak at­
tributed to the buried amorphous/defectivc layer disappears
for the sample irradiated at a laser fluence of 1.4 J/cm2, as
the C-RBS spectrum reveals a near-surface minimum back-
scattered yield Xmin —the ratio of the aligned to random
yields—of about 4%. which is quite close to the value of
2.5% determined for the virgin single crystal Si substrate.
Beyond a fluence threshold, pulsed laser melting of ion im­
planted silicon is known to melt the material to a depth
greater than the defective region; the material then solidifies
rapidly into highly supersaturated single crystalline material
free of extended defects.9'10 The channeling RBS spectrum
from a sample irradiated at 1.8 J/cm2 is nearly indistinguish­
able from the spectrum for a sample irradiated at 1.4 J/cm2.
These results were reproduced for p-Si(OOI) substrates and
for different ion implantation doses. In addition, it was found
that the ^min measured from the C-RBS spectra of the laser
melted samples (at 1.4 J/cm2 and above) could be reduced to
that of the virgin Si substrate upon annealing at 550 °C,
which we attribute to point defect elimination by postirradia­
tion anneals.

The high crystalline quality of the samples was further
confirmed by XTEM, as shown in Fig. 2. No extended de­
fects arc observed and the transition between the implanted/
laser melted layers and the underlying crystal is not distin­
guishable. In addition, atomic force microscopy (AFM)
measurements indicate the occurrence of very little roughen­
ing of the surface of the wafers after laser melting. The sur­
face roughness in 2 X 2 jim2 AFM topographs was found to
slightly increase from 0.21 nm, for layers implanted to a
dose of 1 X 1016 ions/cm2, to 0.36 nm, following laser melt­
ing with 1.8 J/cm2.

J. Vac. Sci. Technol. B, Vol. 25, No. 6, Nov/Dec 2007
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5 nm

F1G. 2. (:i) XTEM image of »i-Si(111) sample implanted to a dose of I
X IO16 ions/cm2 and irradiated at 1.8 J/cm2, sample surface is in upper
right, (b) Lattice resolution XTEM image of the sonic sample.

Because estimating the melt depth induced by the laser is
important for process control, heat flow simulations of melt­
ing and solidification were performed so the melt depth
could be deduced from melt duration measurements. The cal­
culated value of the maximum melt depth versus laser flu­
ence is plotted in Fig. 3 for a structure consisting of a
200 nm thick amorphous Si (a-Si) layer buried under
200 nm of crystalline silicon and another consisting of a
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Fig. 3. Plot of the calculated maximum melt depth vs laser fluence for a
structure consisting of a 200 nm thick </-Si layer buried at a depth of 200 nm
in crystalline silicon (A) and another consisting of 400 nm thick <r-Si on top
of the crystalline silicon substrate (O). Values inferred from SIMS (•)
measurements are also shown with error bars.

400 nm thick o-Si layer on top of the crystalline silicon sub­
strate. An example of the melt depth versus time from a
simulation at a laser fluence of 1.8 J/cm2 on a 400 nm «-Si
layer is presented in the inset. The simulated melt depth ver­
sus fluence is consistent with the maximum melt depth in­
ferred from the SIMS measurements. The SIMS

ftconcentration-depth profiles indicated an abrupt drop in sul­
fur concentration at the maximum melt depth. The SIMS
profiles also indicated no loss of sulfur upon laser melting.
The results are qualitatively consistent with rapid
solidification-induced solute trapping scenarios that are well
documented for single laser shots on silicon implanted with
other dopants.1’14 In the case of sulfur documented here, it
appears that we obtain supersaturated sulfur concentrations,
as listed in Table I, exceeding by four orders of magnitude
the equilibrium solubility limit.L

B. Electrical characterization

The electrical properties of the samples are summarized in
Tabic I. For all the laser melted S-implantcd layers, the sign
of the Hall coefficient indicates n-typc conductivity. Il is evi­
dent that ne increases with S implantation dose, reaching a

Table I. Total sulfur concentration. Hall mobility, free carrier concentration, and carrier-to-donor ratio in the
laser melted layers for several implantation doses and a laser fluence of 1.8 J/cm2.

S dose
(ions/cnr)

S concentration
(atoms/cm’)

Hall mobility
(cnr/V s)

Carrier density
(e/cm’)

Carrier-(o-
donor ratio (%)

IX IO'5 2.3 X 1019 200 7x IO1’ 3.0
3X IO'5 7.7 X I01’ 69 3X 10,s 3.9
1 X IO'6 2.3 X 102,) 61 SX IO'8 3.5
1 x IO16 2.3 x I02" 184 5X 10'“ 2.1

+550 °C anneal
—...............................
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maximum value of 8X IO18 cleclrons/cm' for a dose of 1
X IO16 ions/cm2. In contrast, the electron mobility decreases
with S implantation dose, presumably due to increased ion­
ized impurity scattering for higher doses.

For the unannealcd laser melted samples, the ratio of free
carrier density to total S concentration, which wc termed as
"carrier-to-donor” ratio, ranges from 3% to 4%. These low
carricr-lo-donor ratios may be due to the formation of
S-induced midgap states in Si.16

SIMS measurements on laser melted samples subse­
quently annealed to temperatures as high as 900 °C reveal
no change in retained S dose. In contrast to femtosecond
laser microslructured Si:S. for which 40% of the sulfur could
be lost upon annealing at a temperature of 450 °C,6 there is
no detectable loss and no delectable diffusion beyond theo
laser melt depth. Therefore, the observed decrease in
from 8 X IO18 to 5 X I018 clcctrons/cm3 for the annealed la­
ser melted samples is due to a reduction in the carrier-to-
donor ratio of the S dopants, rather than to a decrease in the
total S incorporation in the layers. This drop in carrier-to-
donor ratio upon annealing could be a consequence of the
formation of precipitates or clusters with S or with native
point defects at the expense of the total number of isolated S
atoms in substitutional sites. The energetically favored form
of isolated S atoms, substitutional sulfur,17 forms electrically
active dopants. Upon annealing, a clustering-induced de­
crease in electrically active substitutional S could occur. The
formation of S clusters or precipitates could also explain the
very limited diffusion of sulfur observed upon annealing to
900 °C. Their presence could not be confirmed by C-RBS or
XTEM because of the very low S concentration in the
layers,8 namely, 0.46 at. %, for the highest implantation dose
used in this work.

In contrast to the carrier-to-donor ratio, the mobility was
significantly enhanced upon annealing, reaching
184 cm2/V s for the sample implanted at I X IOl6/cm2. This
value is thrice that of the unannealed sample implanted at the
same dose and is close to that of the unannealcd sample
implanted at the much lower dose of I X 10l5/cm2. Because
the ionized impurity concentration for the latter is nearly an
order of magnitude less than that of the annealed sample, the
annealing-induced electron mobility enhancement is not pri­
marily due to a decrease in ionized impurity scattering. Post­
laser melting annealing may lead to the removal or modifi­
cation of other point defects, thereby reducing the scattering
probability of the free carriers. For example, annealing may
lead to the removal of vacancies known to be present in
laser-crystallized implanted regions. ' Additionally, an­
nealing may enable the evolution of inactive point defects
from a charged to a neutral configuration, thereby reducing
the scattering probability of the free carriers."0

In Fig. 4. wc present the dark current versus voltage (/-V)
characteristics of the pn junctions formed by laser niching at
1.8 J/cm2 of p-doped Si substrates implanted to a dose of
1 X IO16 S/cnr and annealed at various temperatures up to
1 (MX) °C. All curves show good rectifying behavior except
for the one corresponding to the highest annealing tempcra-
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Fic. 4. Dark l-V curves measured for p-Si(OOI) samples implanted at a dose
1 X IOl6/cm2, irradiated at i.8J/cin2, and furnace annealed at different
temperatures.

ture, which has poor forward current characteristics and a
significantly high leakage current. /; (0.85 mA/cm2 at
-0.5 V). The lowest value of lL at -0.5 V was
0.064 mA/cm2, obtained for the nonannealed layers. The
ideality factor n was determined by fitting the forward cur­
rent Ip to the relationship21

Ip ~ exp(qV/nkT),

where q is the charge of the electron, kT is the thermal en­
ergy, and V is the applied voltage. An ideality factor of 2.06
was determined for the junctions annealed al 550 °C, a value
that is very close to the value of 2 which is an indication of
bulk recombination of the charge carriers occurring in the
depletion region.21

In Fig. 5, we present the l-V curves of the same pn junc-
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Fig. 5. l-V curves measured under one sun for p-Si(00l) samples implanted
to a dose of I X l0,6/cm2. irradiated at 1.8 J/cm2. and furnace annealed at
different temperatures.
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lions measured under one sun (AM 1.5 and I00 mW/cm2)
lor different annealing temperatures, in agreement with the
dark current measurements reported in Fig. 4. annealing at
550 or 800 °C leads to an increased short circuit current, /sc,
and open circuit voltage, V^., but a further increase in an­
nealing temperature to 1000 °C results in a significant reduc­
tion. With the 550 °C annealed samples, values of
20 inA/cni*  and 470 mV were measured for the /w and
respectively, leading to a (ill factor >65% and an energy
conversion efficiency >6%. Il should be noted that these
latter values were obtained without any solar cell device en­
gineering such as the application of an antircllcction coating
on the top surface, the formation of a back-surface field, base
doping, or top electrode geometry optimization. With device-J O
engineering, the short absorption length"’ of these structures
might present an opportunity for advances in thin film silicon
photovollaics.

We attribute lhe increase in the values of and |/sc|
upon annealing at 550 ’C to a decrease in the density of
point defects, which was proposed as one of lhe two mecha­
nisms that lead to the observed increase in mobility reported
in Table I. Indeed, point defects that survive the laser melting
process can act as recombination centers for photogenerated
carriers; their subsequent annealing would improve the pho­
tovoltaic characteristics of the junctions. This docs not ex­
clude the presence of the other mechanism—namely, the
neutralization of ionized dopants—as deduced from the mea­
sured drop in the value of ne from 8 X I018 to 5
X I018 electrons/cm-’ upon annealing (see Table 1). How­
ever, the effect of this drop in nt on the value of Vw would be
a decrease of a few percent, which is likely to be masked by
the enhancement of V^ due to point defect annealing. Al­
though the C-RBS spectra and the XTEM micrographs (Figs.
I and 2, respectively) indicate that laser irradiation at
1.8 J/cm2 results in the formation of a single crystal super­
saturated with S and free of extended defects, the presence of
point defects that arc undetectable by C-RBS and XTEM
cannot be ruled out. They could be located either within the
melted layers during solidification or they could be generated
by the ion implantation process in the channeled tail beneath
lhe amorphous layer. In the latter case, this ion implantation
damage region would extend beyond the laser melt depth
(—450 nm at l.8J/cm2) and. therefore, poslirradiation an­
nealing would be necessary to reduce the density of these
defects. It is also noteworthy that the enhancement of the
electrical characteristics of the junctions was found to be
independent of the ambient gas flowing during the annealing
process, as the use of Ar or forming gas led to similar l-V
characteristics of the junctions. Therefore, any hydrogen pas­
sivation mechanism of point defects (such as dangling
bonds) plays only a minor role in improving the electrical
properties of the junctions. For anneals at the very high tem­
perature of 1000 °C. excessive clustering or precipitation of
the S dopants is expected to occur.17 thereby degrading the
electrical properties of the junctions. These two competing
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Fic. 6. l-V curves measured under oik sun for samples implanted with
different ion doses in p-Si(OOI). irradiated at 1.8 J/cnr. and furnace an­
nealed at 550 °C. The inset shows the variation of the efficiency ? vs ion
implantation dose for different annealing temperatures.

phenomena would explain the occurrence of a window of
annealing temperatures for good rectifying and photovoltaic
behaviors of the junctions.

The effect of annealing on the l-V characteristics of the
samples implanted for various doses is presented in Fig. 6.
The value of Voc is nearly independent of implantation dose
at (470±l0) mV. The value of Ix is significantly higher
(—25 mA/cm2) for the medium dose of 3XIOl5S/cm2.
However, the increase in photocurrent measured for the me­
dium dose sample is accompanied by a loss in fill factor,
resulting in almost no change in efficiency, as is seen in the
inset. The trend is consistent with lhe effects of annealing
shown in Figs. 4 and 5.

Finally, preliminary electrical characterizations were also
carried out on laser melted S implanted n-Si(OOI) substrates.
Because sulfur acts as a donor, mi*  homojunctions were thus
formed, with the n+ region being the implanled/laser irradi­
ated lop layers. Dark l-V curves from two such homojunc­
tions arc presented in Fig. 7. Both curves show a good rec­
tifying behavior with a built-in voltage Vbj lower than those
observed for the pn junction. This is justified by observing
that, for a mi*  junction, the VM is given by the following
expression:

Vbi = (A-T/r/)ln(n+/n),

where n*  and n arc lhe free charge carrier concentrations in
the highly doped region and underlying substrate, respec­
tively. In our case, the ratio n+/n is of the order of 1 (MX)
( — IO18/1015). thereby leading to a Vbi of 0.17 eV. The junc­
tion annealed at 550 °C shows better l-V characteristics than
the one annealed at 1000 °C, as inferred from a lower leak­
age current and a lower ideality factor in forward bias (—2.1
vs 3. respectively). These observations are consistent with
the results presented above for the pn junctions, where an
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Fig. 7. Dark 1-V curves corresponding to n-Si(OOI) substrates implanted to
a dose of 3X IOl5/cm2. laser irradiated at 1.8 J/cm2. and subsequently an­
nealed at 550 or 1000 °C.

annealing temperature window appears to enhance the elec­
trical characteristics of the junctions.

Excimer laser melting combined with ion implantation is
shown to be a controllable and well characterized technique
that enables the production of unusual compositions in
stable, supersaturated solid solution, making it potentially
attractive for the fabrication of electronic and optoelectronic
devices based on chalcogen-laden Si.
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IV. SUMMARY
We have investigated the crystalline and electrical prop­

erties of silicon with 0.46 at. % of sulfur in supersaturated
solid solution. This novel material was synthesized by ion
implantation of sulfur into Si wafers followed by pulsed laser
melting-induced rapid solidification using an excimer laser.
The low number of laser pulses used in this work ensures
little irradiation-induced surface damage or roughening of
the wafers. The crystalline quality of the layers after laser
irradiation was evaluated by channeling RBS and TEM. It
was shown that laser llucnces of 1.4 J/cm*  and above arc
necessary to melt through the amorphous implanted region
leaving, after solidification, a perfect single crystal free from
extended defects. By performing experiments on p-doped
and n-doped substrates, pit and tin*  junctions were formed
and showed good rectifying and photovoltaic behaviors. The
properties of the junctions were enhanced by postirradiation
furnace anneals, with samples annealed within a window of
550-800 °C exhibiting good properties. We attribute the im­
provement in properties upon annealing to the annihilation of
point defects that survive the laser melting and rapid solidi­
fication process. We attribute the deterioration upon anneal­
ing at 1000 °C to clustering or precipitation of the sulfur
atoms. The junctions could be further optimized by applying
the appropriate device engineering processes. The short ab­
sorption length of these structures might present an opportu­
nity for advances in thin film silicon photovollaics, but there
remain many unanswered questions regarding, e.g.. band
structure and minority carrier diffusion lengths.
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Abstract
To realize a low cost image sensor, while maintaining a 500 fps-class high frame rate, we have developed a

prototype image sensor where a 600x600 imaging array with a 4.4pm global shutter pixel and multiple pipeline
analog-to-digital converters (ADCs) are implemented. In this paper, its image sensor architecture, pixel
configuration and operation are described and characterization results are reported.

I. Introduction

Machine vision and high frame rate applications
usually require the global shutter operation to “freeze”
the image. In global shutter pixels, an in-pixel signal
memory, an additional global reset gate and a global
transfer gate should be equipped, which results in a
larger pixel size than that of general purpose CMOS
imagers. In previously reported high speed CMOS
image sensors with the global shutter functionality,
relatively large pixels, ranging from 7pm to 16 pm,
have been used [1-3], However, the large pixel size
results in a large die size and thus high image sensor
cost. Therefore, pixel size reduction has been strongly
requested for low cost applications and/or small module
applications.

In this paper we present a 600x600 pixel prototype
imager with a 4.4pm pitch 5-transistor global shutter
pixel. The imager can operates at a high frame rate of
500fps.

II. Sensor Design

a. Chip specifications and structure
Figure 1 shows a block diagram of the image sensor.

The pixel signals from a 600x600 imaging array are
read out through top and bottom circuit blocks and
transferred to analog signal chain / analog-to-digital
converter (ASC/ADC) blocks. The column block
consists of column gain amplifiers, sample-and-hold
capacitors and a column decoder with column select
switches.

The ASC/ADC block consists of second gain
amplifiers and 8bit low power pipeline ADCs. A
DAC/Buffer block contains bias generators and
reference voltage generators that are controlled by
two-wire serial I/F, thus yielding a fully digital interface.
All internal pulses are generated by an internal timing 

generator (TG) so that external control/trigger inputs are
minimized.

The chip handles pixel readout and signal
processing at 200Mpixel/s with a 50MHz master clock
and operates at 500fps with 600x600 full pixel
resolution.

Column S/H, Column amp,
Scanner

Column (H) scan

>
Pixel array o
4.4um pitch

600 x 600 effective pixels

Column S/H, Column amp,
Scanner

a:

2

Figure 1. Block diagram of the chip.

b. Pixel configuration
The pixel consists of a pinned photodiode (PD),

pixel memory (storage node M) and five transistors for
pixel reset and readout as shown in Figure 2. The AB
gate controls reset of the photodiode. This reset is
global, i.e., all the pixels are reset simultaneously. The
TX gate controls the charge transfer from PD to M.
The complete charge transfer is required for both AB
and TX operations to eliminate image lag and pixel-wise
FPN.
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In a global shutter mode, signal charge is transferred
to node M, then the charge is read out in a similar
manner to that of the conventional 3T pixel operation.
Since a signal charge integration part and a readout part
are separated by TX, the pixel allows simultaneous
operations of charge integration and signal readout.

AA-PIX

ROW

Co!. Sig

Figure 2. 5T global shutter pixel configuration

RST

AB TX

± .1.

it

c. Signal chain
A schematic diagram of the signal chain is shown in

Figure 3. The imager has two gain stages; one is in the
column block and another in the video ASC block, as a
primary gain stage and a secondary supplemental gain
stage, respectively.

Pixel signal is amplified up to 8x by the column
amplifier simultaneously to the pixel readout then stored
on SH capacitors. Through a column select switch
addressed by the column address decoder, stored signal
in the SH capacitor is serially transferred to the ASC
block followed by a low power 8bit ADC. Four ADC’s,
each operates at 50Msps, are integrated. Thus a total
data rate reaches 200Msps.

Pixel

Column amplifier
*--- x0.5, x1, x2, x4, x8

44 
T T T T , ,

; One Column Block
> i
> /

[ HH 8bitApC

•■V

; r ll n 8bltADC

■■

Figure 3. Signal chain of one column block

d. Global control and internal operation
A timing diagram for a frame operation is shown in

Fig. 4. The sensor receives three external control
pulses, ‘STARTEXPOSURE’, ‘ENDEXPOSURE’,
and ‘READ START’, each triggering the start of the
exposure, the end of the exposure and the signal readout
sequence. When ‘START EXPOSURE’ is asserted, all
photodiodes are reset by the global AB pulse that
sweeps the charge out of the photodiode. Next,
‘END EXPOSURE’ determines time for global TX that
forces the charge to transfer from a photodiode to a
memory node M. Readout of the charge in the
memory node M starts when ‘READ START’ pulse is
asserted.

START_EXPOSURE  

END_EXPOSURE  

READ_START  

AB  

TX  

| READOUT p-----Vilank------  

I 1 frame J

Figure 4. Operation timing

I2C interface is used for detail imager control.
Also, two register banks are implemented, thus enabling
instantaneous switching between two registered
operation modes. This functionality helps enhance
usability of high-speed imaging. For example, one
register is set for a high-frame rate operation with
reduced number of readout rows, and the other is set for
reading out full resolution images. In this case, when
an object is detected while the imager is operating in the
high-frame rate mode, the system requests the imager to
capture an full resolution image, thereby the imager
immediately changes its operation mode for the full
resolution snapshot readout. When the snapshot mode
is chosen, the signal memory M should be reset to clean
up noise charge or lag charge on the node during the
charge integration period before the global TX is
asserted.

III. Fabrication and Characterization

a. Fabrication
The 600x600 pixel image sensor was fabricated in

0.13pm 2P4M CMOS image sensor process. The
prototype is a monochrome sensor with an on-chip 

288

SIONYX1403000042.0069

SAMSUNG EX. 1002 - 604/4148



microlens array.
Figure 5 shows the top layout of the imager. An

imager core including a pixel array and the rest of the
analog blocks, together with integrated logic circuits,
are implemented for prototyping. Video output is read
out through 8bit x 4 parallel output ports, each handling
a 50MHz data rate. Thus, a total output data rate of
200Mpix/sec is achieved. Imager core size is
approximately 4.0mm x 4.0mm.

S;

M

Figure 5 Prototype chip layout

b. Operation sequence for characterization
Besides the external trigger mode, the imager

operation can be programmed with combinations of two
registered modes. To perform characterization, we use
a following operation sequence as shown in Figure 6;
One cycle includes 8 fast readout frames and 8 full
resolution readout frames. 32 effective rows are read
out at 5000fps in the fast readout period then full
resolution readouts at 500fps follow.

A full resolution image is evaluated from the first
full resolution image. Also, image lag can be
characterized with consecutive 8 frames in the full
resolution readout period. Characterization was done
under the 500fps full resolution condition.

c. Characterization results
Fig. 7 shows a spectral response. With an on-chip

microlens, peak quantum efficiency reaches 63% at
500nm. Also the result shows good sensitivity against
a wide wavelength range from near ultraviolet to near
infrared. Quantum efficiency exceeds 20% within a

range from 380nm to 830nm.

Integration

Fast readout
Sframe

Full readout
8frame —(T?

A

H H ’I" ; 1 ' 2 y 3 8
X______I ■______ !

Readout

'* ________

Y2 3 8 A— f 1 Y 2 X 3 Y-f 8 I"'
fast readout

32row! frame

Full readout

600row / frame

Figure 6. Operation cycle for characterization
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Figure 7. Spectral response

Image lag was negligibly small, which demonstrates
the signal charge transfer from the pinned photodiode to
both the memory node and the AB drain is almost
complete.

Noise performance versus analog gain is plotted in
Figure 8 with pixel-wise noise, temporal noise and
structural noise. The data was obtained from one
output port of 4, therefore offset variation between
output ports are ignored. Total noise is very close to
pixel random temporal noise and the result suggests
main noise source is the pixel temporal noise that is
caused by a reset operation of a floating node M in
Figure 2. Capacitance of the floating node is estimated
to be 3.4IF and it causes noise of 27 electrons-rms per
reset operation. FPN including structural noise is
smaller than 1/5 the pixel temporal noise when gain is
larger than 2 and it is mostly invisible.

On the other hand, offset variation between signal
chains was measured to be approximately 1.2LSBs at 4x
gain, which corresponds to 17 electrons-rms.
Although this noise level is smaller than 1/2 the total
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noise at 4x gain, we can reduce the noise by offset
adjustment in the backend process.
An image obtained from a snapshot and summary of
imager specifications are shown in Figure 9 and Table 1,
respectively.

80

70

60

I 50

c
2
1 40
£■
0)
■2 30oz

20

10

0
0 2 4 6 8

Total Noise

Quantization Noise

Totai FPN

Pixel FPN

Total *
Random Noise

Analog Gain

Figure 8. Noise measurement result

Figure 9. An output image from the first frame in a
full resolution readout period in Figure 6 operating at
500fps. No correction of channel offset variations.

Table I. Specifications and Performance

Resolution 600 x 600
Pixel size 4.4 gm
Optical format 1/5 inch
Shutter scheme Global shutter
Master clock 50 MHz
ADC resolution 8 bit
Full resolution frame rate 500 fps
Power consumption 248 mW
Peak quantum efficiency 63% at 500mn
Total noise 42 electrons at 4x gain
Linear full well capacity 12k electrons

IV. Conclusion

We have developed a prototype 600x600 pixel, 500
fps CMOS image sensor with a 4.4pm 5T pinned PD
global shutter pixel for low-cost, high-frame rate
imaging applications. It features a quick operation
mode switching (ex. from a 5000fps windowing mode
to a 500fps full resolution mode, and vice versa), while
no degradation in image quality7 of the first frame after
the switching is observed. High quantum efficiency of
63% at 500nm is obtained. The kTC noise associated
with the in-pixel memoiy reset is a dominant noise
source. Both FPN and image lag are reasonably
suppressed.
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Fsg. 2. Afefe'iare of 32 x 33 jsfeissjsvter issdssetfe fr®sns <«s»w!w
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OVERFLOW
GRAINE

.. CHAWgi, POTENTUt
’ UWBR: BAaRigf? GATE

fe. 1 Barfed bfetfeg feste o«b section showing restore sml pofrmfo
profiis; of piM

iuragmg. systemonly one ofthe iw«plt»tt5mntera:is®perati«nal.
The aschiteetare for the pltmesseicr is shewn '•« Fig. 2.

Use wafer scale CCD is fabricated la a three-phase, tripte-
pdysiffeou process technology A smgfe level of motel is
employed, The device is ftinsed nrapfoytag (he RCA/Sarsoff
whofe wafer thmpi»g: precess PMHl The baekgide is im­
planted ansi gives a high temperature fernace meai. An
atterefiectirtn eoaiittg is tes applied. The wafer is than lami­
nated to a glass support on fee backside, The process provides
high, stable ;ya«u>m efisciency in the visible region and st fist
imaging surface protected by fee taminafing glass,

A. fotsgfeg Afegiwer oW Ffeef Dfegrr

The large army and the photometer both have 24 » x 24 m
pixels. The pixels employ a barfed blooming drain to ensure
freedom frtsm fefcs©mhtg|5|. The slraetara is illustrated in Fig, 3.
A lateral overflew drain is formed by implanting a phosphorous
Nt drain surrmmdcd by a boron Barrier region on both sides of
fee drain. The barrier implant is chosen to assure fete, charge
levels exceeding fail well will spill ever the barrier and into the

drain rather than spilling down fee CCD sdnmu. For feis de­
sign fee bfoommg drain sfeeture occupies 8 pm »f fee 24 gm
cohunn wsfeh, Stmeteres as narrow as 4/«m have been demon­
strated, W for this large urea feivtee s conservative design was
employed.

The Warning drain is buried to maintain a !G5% optical
itfe raster for backside dtaminarion, This is by creating
a deep F region femesfh fee N+ drain g»d Barrier regions. The
Pregfoa is higher conctertratiem fours foe substrate doping, cre-
aiing an electric field barrier targe sooagh to keep fee majority
of the phofouketratte from being captured by the H+ drain. Typ­
ical performance for this buried btaomtag drain stotetore news
8 variety of imagers has been antibloommg up to >l(®Gx sat­
uration,' with » signal loss to the blooming drain of <5% for
broadband ilfominatfon (dOD-W® nm), and a drain osenpytag

of the pixel area |6j,

C, h’mrage fffefewf fo^istera ftesigrt

A split-framc-transferafchiteetare is employed infers design
to achieve a reduced loading rime from the imaging register to
fee storage registers, This permits higher feme rate operatfon
and reduces tmhSfer smear. The frame storage is configured as
eight frame steres with 640 (8) x PS& (V) storage elements
each, gads feme stora has a feme-phase hpriswtal register wife
a two steps ftoafeg diffusion output amplifier.

The frame storage registers have a 24 rrm vertical stage length
for the first fcw rows, followed by a reduced vertical stage length
of I Li pm. The horianntal pitch wfes from 24 pm st fog fop
of each feme stere to 15 pm at the bottom, match mg the 15 pm
stage length of the horienmat register. The biwmmg drains ess-
testo the first few rows af the- feme storage register; to these
rows ths charge capacity is gradually reduced to assure feat the
rn'ifrimum charge capacity of the frasne storage registers and Ihe
fiosfing diffusion outputs sxceetfe the dstoge tevei srifewed i<?
pass through these ’clipper’ rows. The large >SOri0fe e charge
capacity of fee imaging pixel is thus irassitfosed to fee 148608
c charge capacity of the clippers. This clipper fed is consid­
erably Betow fee minimum feme store capacity ©f 35081)0 c.
This approach msisteius fee arUibfesmag performance of the
imaging register piset,

IK, HKt?t Sratety VmKfot. Transfer

The: imaging; register afe ttor feme storage registers have a
requirement for relatively high vertissl transfer speeds given
the sfe of the device. The sfeuterd precess achieves a ver­
tical transfer clock ratetyf 180 KHu with the 61 mm long gates
driven fiosst both ettds, Alfee feis clock rate antiblsfering pef-
formatted is degraded to the central grirttan pf the imaging reg­
ister.

Higher vertfel transfer etack rates »r® achieved amptayfog a
rnetal strapping apfism. Here rttetal fessmg arid strapping cost*
tecta are afetetl whhm the acfec CCD imaging and storage reg­
isters to reduce the RC time tamsfet of ths gates, A completed
CCD with stwlal strapping is showo ta fog, 4, The imaging reg­
ister design centeets each gate in the middle »f the 61 mm gate
tength ami mfomtos the cwwfens st foe two ends of each
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fig. 9. MssSiscamposiisws apprsraeh ter the pely-l levrf eiapteying {S9 wisrie

patterns.

Fig, 7, Low resoiuliae TS;M sf wojkk ssrssplifief taU cwraet.

?WSi
|',i H.’tois-'.

V'<v;r;-;/

Fig S. High eesoMos'TW «f Bteput iwBfier bsriaS «sra«t sfaxvtog feral
aiigareesB of poiysiiiesm sitsste to siStat isakc.

V. FHOTGCQMMWWN

The layout of the metal strapping srf the storage register
polysilicoa gates, the bfoemmg drams,.and the firemsg rfiffir-
sic® rasptfe $x. lithography to achieve ft© desired feature sixes
and mtekMe-mssk aitgrsmem. Cdrtab aspects of ft© desigs
bcresfe from eraptoyitig lx lithography, Thus, a mix-smd-matcb
combination »l'5x and tx lithography is employed-

Prior to designing the CCP a w array was tfewtoped to
eratote the dimetistosl fidelity of the lithography approach
over the repaired 85 ram diagonal field. It was tond that with 

■ft

sx-sxsmoh

IsO

$ i
i-3

i‘'.> :'t ».': tw $ $ v

Ml lililli

Fig. SS, to»Rmsfaograph ofsshcWg tsassdary jpeiy-1 ptetoresto psttom &
frsstos saw};

sdsqMato 5x aiignment marks placed just aotaide of rhe 85 mm
dhgostol, a»d wtft the i x tool properly calibrated, that the
5 x-to-1 x run-oat was ats ucwptabte +/«0,4 pm across tills
field.

Otte <sf the bwI eumplicsted mask levels is the tot |xdysil-
:kW tes-ri (poly I ). To pSmosompose tots level three Sx mtsks
mtsi one I x mask are employed. Each sf t he poly I reticle expo­
sures is indicator i» Fig, P, Itat are 1.19 reticle patoiss being
comlsfced to define the 77 mmxTS mm active area of fte poly
> field,

Care was takee m designing the overlap regions st the
sftch boundaries to maintain the femur© six© across to reticle
bcmsdarics. Fig. 10 shows a poly I photoresist pattern across
a Jx-to-Sv stiteh bmmdary in a frame store register wife art
H l. /rtu gale pitch. This photograph trnfiesm typical retiete-
to-reficle pastern alignmeol. The measured mtrafignmertt at to
ststeh boundaries is < +/-0.15 ;sm.
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Fig, 12 Ctamssss efctacy of fefetste sifamtaed CCD W» Wed
blooming tata.

¥t PKRFORMANCg
The data taken »a the CCD comes from testing of the first two

wafer lots. The production wafer lots, as of this writing, are net
completed. The data was taken in the Deep STARE multiport
earners system shown its Fig. 11, The data was taken on the
main array at s frame rate of 2.? framcsfe, with the cnrtpui ports
raising at a 2 MHz clock rate. The date taken on the photomcJer
was taken st a frame rate of IGOS frames/®, with the euspui port
running al. a L2S MHz clock rate, Data was taken at the smtntsto
operating temperatom of -50 WC.

The typical qaareum efficiency of she backside illuminated
CCD with buried blooming drains and an ntoirefiectien costing
on the silicon is show in Fig. 12. Fig, 13 shows the typical
percentage loss of phcttochaige into the blooming drain as a
function of wavelength, This measurement is dune by simul­
taneously measuring the blooming drain currant and the output
reset drain carnet in respnme to a motsochrcmratic light source.
The results verify the effectiveness of the buried, shielding layer
beneafo the blooming drain. Testing has verified that She pixel
amiblouming san contain charge from spilling at iltemtitm
levels well beyond tiro reqalremem of I SO x the saturation level

The furthest pixel in the array is 7S00 transfers from the output
port for this three phase design, The imaging register gates am

4« «b so® m sss sen -tee®
Wawtagth |nm]

KiSS- nWHSMUW ON f:U5CtfW WM.. Sft !K». i. MJ4MARY SB

!

Fig. I i. Signal stage loss &> tacwtag drain as a fencsiwi of waveSenghs.

TABLE t
PWOftotASCB SCMMARV

linage Sit®
Atataaate
DetjHft Posts
Frame tai®
PtalSta
FstaQB

Assi-taawrfBg
Array Full Well

ta«Rwr(3MHs)
Sysmdn Rang®

Average &sA Cami
VswitaCn

HmwftWC'H

MtfaAsss
2SWxI960

Splii'-Frame-iraFiafsss
8

2.7^
24mfaWKMmfct»H

>i,WX
>J4bJX®e
<13® RMS

13 bits
< 8 o'jsisrfta

< 5.8 x tofrtosns&r
<2,4 x toXserfe

Image Sis*
Asrisiseerwe
Gugiut ?JsJto
Frame Rate
Pixel Sixs
FmkQE

Astoistemsag
Aw Fall Well

tains Htm (US Mta)
Dynasts® &ssg<;

KsW
tame4r«ssfcf

I

34 mim® s 24 mtara
>80%
>W

> 148,808 e
-?«RMS
Hints

S pm in gate length and the array is rwt at -50 ®C, With these
design parameters foe charge transfer inefficiency wss measured
to be < 1.0 x 10per transfer its the vertical direction and
< 2.4 x lt)~s per transfer to the horizontal dweefion employing
extended edge response massuring the overscan trailer.

The noise characteristics of rhe output amplifier wore mea­
sured, The measured sensuivity nt the corpus of the fio&tag
diffusio® amplifiers is 10,3 #iVZc. The noise level of the pho­
tometer array running st 1,25 MHz clock rate m the camera
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Femtosecond Laser Ablation of Silicon: Nanoparticles,

Doping and Photovoltaics

Eric Mazur Brian R. Tull

Abstract

In this thesis, we investigate the irradiation of silicon, in a background gas of near

atmospheric pressure, with intense femtosecond laser pulses at energy densities exceeding

the threshold for ablation (the macroscopic removal of material). We study the resulting

structure and properties of the material ejected in the ablation plume as well as the laser

irradiated surface itself.

The material collected from the ablation plume is a mixture of single crystal silicon

nanoparticles and a highly porous network of amorphous silicon. The crystalline nanoparti­

cles form by nucleation and growth; the amorphous material has smaller features and forms

at a higher cooling rate than the crystalline particles. The size distribution of the crys­

talline particles suggests that particle formation after ablation is fundamentally different

in a background gas than in vacuum. We also observe interesting structures of coagulated

particles such as straight lines and bridges.

The laser irradiated surface exhibits enhanced visible and infrared absorption of

light when laser ablation is performed in the presence of certain elements—either in the

background gas or in a film on the silicon surface. To determine the origin of this enhanced

absorption, we perform a comprehensive annealing study of silicon samples irradiated in the

presence of three different elements (sulfur, selenium, and tellurium). Our results support

that the enhanced infrared absorption is caused by a high concentration of dopants dissolved

in the lattice. Thermal annealing reduces the infrared absorptance of each doped sample

at the same rate that dopants diffuse from within the polycrystalline grains in the laser

irradiated surface layer to the grain boundaries.
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Lastly, we measure the photovoltaic properties of the laser irradiated silicon as

a function of several parameters: annealing temperature, laser fluence, background gas,

surface morphology and chemical etching. We explore the concept of using thin silicon

films as the irradiation substrate and successfully enhance the visible and infrared absorp­

tion of films < 2 gm thick. Our results suggest that the incorporation of a femtosecond

laser modified region into a thin film, silicon device could greatly enhance its photovoltaic

efficiency.
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Chapter 1

Introduction

Over the past several decades ultrashort pulsed laser irradiation of silicon surfaces

has been an active area of materials science research [1-21]. The ultrashort duration of the

laser pulses leads to extremely high energy densities in the material. A 100 femtosecond

(1 fs = IO"1'5 s) laser pulse with a pulse energy of 100 //J, focused to a 100-//m diameter

area results in a peak energy density on the order of 104 J/m2 and a peak intensity of 1017

W/m2. Under these conditions, silicon is estimated to reach temperatures of ~ 104-105

K [22], equivalent to the surface temperature of the nearest star, while still retaining the

density of a solid. This high energy density is achieved because the laser energy is deposited

before any thermal diffusion or mechanical removal of material occurs. The evolution of

this superheated and superpressurized material as the initial energy redistributes can lead

to non-equilibrium processes as well as the formation of new materials [1-3,6-8].

Numerous studies exploring the interaction of ultrashort pulses with silicon have

been performed since the 1980’s [1—21]. Picosecond laser pulses were used to induce phase

transformations in silicon [1-7] resulting in the formation of non-equilibrium phases, in­

cluding amorphous silicon [1-3,6,7] and Nb-Si solid solutions [8]. Pump-probe experiments 

1
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Chapter 1: Introduction 2

using picosecond [9-15] and femtosecond [16-21] laser pulses have explored the time evo­

lution of the material processes that occur during ultrashort laser irradiation. An initial

pump pulse excites the material and a delayed, weaker probe pulse measures the time-

resolved reflectivity or second harmonic generation [17,18] to identify the structural state

of the material. Using this technique, many processes, including, electron-hole plasma for­

mation [9,10,13,14], melting [5,9,10,12], ablation [19—21], and ultrafast melting [16—18],

were studied in detail. These examples are a small subset of a much larger field of research.

Section 1.1 discusses specific research from the literature that are relevant to the work

performed in this thesis. Section 1.2 summarizes the organization of this dissertation.

1.1 Femtosecond laser irradiation of silicon

In this section, we review the processes involved in the absorption of the femtosec­

ond laser pulse, and the subsequent heating, melting and ablation of the material.

1.1.1 Absorption of the pulse

When a femtosecond laser pulse is incident on the silicon surface the electrons are

the first to respond. Absorption of visible and near infrared wavelengths occurs through

the promotion of electrons from the valence band (where the electrons reside in spatially

localized “bonding” states) to the conduction band (where they are mobile and more “free”

like in a metal). A minimum amount of energy is required to excite the electron from the

valence to the conduction band; this energy is known as the band gap energy. In the case

of silicon, if this energy were to come solely from the incident light and no other source,

3.43 eV would be required; as a consequence, only wavelengths of light < 362 nm would

be absorbed in this way. Excitation of an electron in this manner is known as a direct

band transition. At a nonzero temperature, silicon has a distribution of phonons which
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Figure 1.1: Direct (solid arrows) and indirect (dashed arrows) electron transitions across
the band gap of silicon during absorption of a photon. For the indirect transitions shown,
phonons of similar energy but two different momenta are needed. Band diagram obtained
from [23].

can participate in the absorption of photons. For a photon absorption process in silicon

that is mediated by a phonon, the minimum energy required is 1.1 eV, which extends the

absorption spectrum of light to wavelengths as large as 1.1 //m. This process is known as

an indirect band transition. Figure 1.1 shows direct and indirect band gap transitions of

electrons with respect to the electronic band diagram of silicon.

The indirect band transition of an electron requires the simultaneous annihilation 

of a photon and a phonon and therefore has a far lower probability of occurring than

the direct band transition . As the energy of the absorbed photon approaches the minimum.

energy needed for absorption in silicon (1.1 eV) a phonon with a larger and larger momentum

is needed. As a result, the closer the photon energy is to 1.1 eV, the lower the probability

of absorption. A measure of the probability of absorption is the absorption depth, which
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Figure 1.2: Absorption coefficient and absorption length of intrinsic silicon at 300 K as a
function of wavelength of the absorbed photon. Data obtained from [24].

is the depth in the material where the intensity of the light has been reduced to 1/e of

its original value. Due to the low probability of indirect band transitions in silicon, the

absorption depth of 800 nm light is 13 pm while the absorption depth of 300 nm light is

6 nm. In Figure 1.2, absorption depth is plotted as a function of the wavelength of the

incident light for intrinsic silicon at 300 K.

The above description of light absorption is valid in most cases. However, for

ultrashort laser pulses, absorption is observed to occur at much shallower depths than

is indicated by Figure 1.2. In a study using 532-nm, 25-ps laser pulses, absorption was

determined to occur in a depth much less than 1 pm [5]. In pump-probe studies using

femtosecond laser pulses (620-nm, 90-fs), surface melting was observed for energy densities

that were too small if standard linear absorption depths were assumed [16,17]. In another

study using 620-nm, 100-fs laser pulses, researchers observe the reflectivity of the incident

pulse increases to metallic (liquid) values within the duration of the pulse. They propose a 
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model where the initial edge of the laser pulse is absorbed deep into the material, but the

rest of the pulse is absorbed at depths on the order of ~ 10 nm when sufficient electrons

are promoted to the conduction band to allow for free-carrier absorption [25]. This level of

electron excitation is described as an electron-hole plasma [26 28].

Various absorption mechanisms have been proposed to account for the creation of

an electron-hole plasma at shallow depths in the material. For 620-nm, 100-fs laser pulses,

researchers found that two-photon absorption (the simultaneous absorption of two photons

to promote an electron in a direct band transition) is the dominant mechanism [29], while for

800-nm, 100-fs laser pulses, absorption is found to be governed by avalanche ionization [30].

Avalanche ionization is a process where a conduction band electron directly absorbs addi­

tional photons, and then collides with a valence electron resulting in two electrons at the

bottom of the conduction band which begin the process again [30]. Two-photon absorption

and avalanche ionization are non-linear absorption mechanisms that become relevant at

large intensities of light. For non-linear absorption, absorption no longer increases linearly

with intensity of the light but rather intensity raised to a power. Regardless of the specific

nonlinear process controlling absorption, an electron-hole plasma forms early in the absorp­

tion of the pulse [26-28] and absorbs the rest of the laser light in an absorption depth of

~ 100 nm [22] (like a metal).

So far, the processes discussed above all take place within one pulse duration

(~ 100 fs) after irradiation. At this point, we have a highly energetic electron-hole plasma

and a relatively cold lattice of ions. Subsequent processes are highly dependent on intensity,

or for a constant pulse duration of 100 fs, the processes are highly dependent on fluence.

We can separate the subsequent processes as the energy redistributes and dissipates into

two regimes: thermal and non-thermal.

SIONYX1403000042.0100
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1.1.2 Melting and ablation: thermal regime

In the thermal regime, melting (loss of long range order) and ablation (macroscopic

material removal) occur after the excited electrons redistribute energy to the lattice and

the entire material reaches a common temperature. The excited electrons redistribute their

energy to the lattice through electron-phonon interactions. The time scale for the material

to reach a common temperature is determined by the electron-phonon coupling constant

(in silicon this is 1 ps [21]). Depending on the laser fluence, the resulting temperature of

the material may exceed the melting point and melting will begin at the surface and move

inward. At a higher fluence, the boiling point is exceeded and the gas phase will nucleate

homogeneously in the superheated liquid. If the rate of gas bubble formation is high in

comparison to the cooling rate of the liquid, material will be explosively ejected from the

surface resulting in ablation.

In the thermal regime, ablation occurs on the order of 1 ns [19,21], The fluence

thresholds for thermal melting and thermal ablation of silicon in a vacuum for 620-nm,

120-fs laser light have been determined as 1.5 k.J/m2 and 3 k.J/m2, respectively [19,21],

The fluence regime for thermal melting and ablation ranges from the point of their onset

(1.5 kJ/m2 and 3 kJ/m2) to less than the threshold for ionic plasma formation (10 kJ/m2),

where electrons are ionized from the lattice and material removal is governed by coulomb

repulsion [21],

1.1.3 Melting and ablation: non-thermal regime

At higher fluences than those required for thermal melting, non-thermal melting of

the lattice was observed by pump-probe studies [16,17,25]. Non-thermal melting is a term

used to describe the loss of long range order in the lattice well before 1 ps (typically a few

100 fs) and, therefore, before the material has come to a common temperature. Theoretical 
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studies support that melting can occur in this manner. Disordering of the lattice is predicted

to occur after 100 fs due to covalent bond weakening upon excitation of more than 15%

of the valence electrons [31-34]. The lattice disorders within the period of one atomic

vibration [34],

At extremely large fluences (40-120 kJ/m2), particle formation after femtosecond

laser ablation of silicon (800-nm, 200-fs) in vaccum has also been reported to occur in a

manner that is not consistent with thermal processes [35,36]. Solid particles were found

to form within the ablation plume after only 50 ps [36], much faster than the typical time

required for thermal ablation (~ 1 ns, [21]). In addition, the size of the particles was

determined to be set by a mechanical fragmentation process and not through condensation

from the vapor phase [36].

1.1.4 Resolidification of the surface

After melting and ablation, the thin molten layer cools quickly through thermal

conduction into the cold bulk. Cooling rates are predicted to be as high as 1013-1015

K/s [22], The molten layer resolidifies on the order of nanoseconds [12], As a result of the

high cooling rate of ultrashort pulsed laser irradiation, the formation of amorphous silicon

has been observed [1-3,6,7].

In addition to new phases, unusual surface morphologies can develop during reso­

lidification. Picosecond laser irradiation of silicon near the melting threshold revealed that

ripples formed on the surface wTith a wavelength related to the wmvelength of the laser [4,37].

These features have been named Laser Induced Periodic Surface Structures (LIPSS) [38—41]

and have been observed on a variety of materials after irradiation with one or more pulses

from a wide range of laser systems (including femtosecond, picosecond and nanosecond

pulses) [38]. When the laser pulse is energetic enough to fully melt the surface, the latter- 
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half of the incident pulse interferes with light scattered from defects at the surface, setting

up a spatially non-uniform melt depth. The non-uniform melt depth induces standing cap­

illary waves which can freeze in place if their lifetime is long compared to the resolidification

time [41]. The phenomenon of LIPSS is the initiating process of spike formation on silicon

after femtosecond laser irradiation [42],

After the molten silicon resolidifies, cooling continues as heat diffuses out of the

irradiated region into the surrounding material and the silicon returns to room temperature.

1.1.5 Comparison to this thesis

The experiments in this thesis are performed with 800-nm, 100-fs laser pulses, fo­

cused onto a silicon surface at fluences ranging from 2-10 kJ/m2. The two main experiments

discussed in this thesis involve particle formation and elemental doping during solidification

of molten silicon after irradiation of macroscopically large areas of the silicon on the order

of 10 mm x 10 mm.

In contrast to a majority of the research discussed before, which deals with single

shot experiments, we irradiate the silicon with greater than 100 pulses per area. After a

few pulses, the surface is no longer flat due to the development of laser induced periodic

surface structures. The surface structures continue to evolve into micrometer-size conical

structures through material removal with each laser pulse.1

xThe final surface morphology is a function of laser fluence and the chemistry and pressure of any
background gas that is present. The physical mechanism behind its formation has been well documented
elsewhere [42,43] and will not be discussed in this thesis.

Due to the non-flat surface, the fluence is effectively increased in the valleys be­

tween the micrometer-sized cones due to reflection from the sides of the cones. Consequently,

we see evidence for ionic plasma formation at any fluence greater than the ablation thresh­

old (3 kJ/m2, [21]) even though the threshold for ionic plasma formation is considerably 
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higher (~ 10 kJ/m2). As a result, the physics of melting and ablation in our experiments

2In addition, with each iaser pulse the surface is changed structurally and chemically, and melting and
ablation of this new material may be very different than pure single crystal silicon

may be dertermined by fluences greater than 10 kJ/m2.

It is difficult to draw exact comparisons between the processes of melting and

ablation discussed in the previous sections and those processes which govern melting and

ablation in our experiments. All of the experiments in this thesis are performed in a back­

ground gas of near atmospheric pressure (500 Torr). The fundamental work determining

the physics of melting and ablation after femtosecond laser ablation has been performed in

vacuum. The extent to which the physics changes in a background gas of varying reactivity

has yet to be determined.2 A main result of Chapter 3 is that the mechanism of ablation

in vacuum and a background gas at similar fluences is fundamentally different.

In this thesis, we hope to give the reader an impression of the exciting materials

science processes (e.g. the formation of non-equilibrium phases and compositions) that are

possible with femtosecond laser irradiation in a background gas.

1.2 Organization of the dissertation

Chapter 2 reviews the previous work on femtosecond laser irradiation of silicon in

a background gas and describes the femtosecond laser system and the main experimental

methods used in the thesis.

Chapter 3 presents the results of nanoparticle formation after femtosecond laser

ablation of silicon in a background gas of H.2 and H2S. Transmission electron microscopy

shows the that both crystalline and amorphous material form, in the ablation plume. The

results indicate that the background gas affects the fundamental mechanism of particle

formation.
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Chapter 4 deals with the mechanism behind the near-unity absorptance of infrared

wavelengths of chalcogen-doped femtosecond laser irradiated silicon. We show that the

infrared absorptance decreases with thermal annealing at the same rate that the dopants

diffuse from within the crystalline grains to the grain boundaries for all three chalcogen

dopants.

Chapter 5 discusses using femtosecond laser irradiated silicon as a solar cell. We

present results on the photovoltaic properties of sulfur-doped silicon wafers. In addition,

we explore using Chemical Vapor Deposition (CVD) grown thin films of silicon as the

femtosecond laser irradiated substrates.

Chapter 6 summarizes the main results obtained in this thesis and proposes future

avenues of research to address several still unanswered questions regarding femtosecond

laser irradiated silicon.

Appendix A offers a basic tutorial on the operation of a solar cell.
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Background

Nearly a decade ago, the Mazur group published the first report of femtosecond

laser irradiation of silicon in a background gas of sulfur hexaflouride, SFg, at near atmo­

spheric pressure (500 Torr) [44]. Researchers found that the gray mirror finish of the silicon

wafer changed to a deep matte black color wherever the laser irradiated the surface (see

Figure 2.1). As a result, this material is referred to as “black silicon.” Since then, the

surface morphology [42,43,45], structure [46,47], composition [46,48-50], optical proper­

ties [46,49-51] and optoelectronic applications [52] of the laser modified surface have been

extensively investigated. In Section 2.1, we summarize the major findings from the previous

work and review those unanswered questions that this thesis aims to address. In Section

2.2, we discuss the experimental methods used in this thesis and most of the previous work

as well.

11
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Figure 2.1: Left: Femtosecond laser irradiation of silicon inside a vacuum chamber filled
with SFg. Right: Visual appearance of the silicon after irradiation.

2.1 Previous work on femtosecond laser irradiation of silicon

in a background gas

Closer inspection of the irradiated surface using a scanning electron microscope

reveals that the flat silicon surface has been transformed into a forest of micrometer-sized

spikes (see Figure 2.2). This surface morphology evolves after irradiation of the silicon with

several hundred laser pulses focused to a typical fluence of 8 kJ/m2, well above the ablation

threshold of silicon (3 kJ/m2). The size and shape of the surface features is a function of

the laser fluence, wavelength and pulse duration as well as the background gas chemistry

and pressure. The initial surface morphology after a few pulses is a result of non-uniform

absorption of the laser light due to interference of the incident beam with a surface diffracted

beam. The non-uniform absorption sets up a dynamic molten silicon layer of varying depth

that ripples with capillary waves. The interaction of this non-uniform molten silicon layer

with the background gas and then with subsequent pulses after it freezes determines the

final surface morphology. A detailed description of this formation mechanism is addressed

elsewhere [42,43].
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Figure 2.2: Scanning electron microscope images of the silicon surface after irradiation with
100 fs laser pulses focused to a fluence of 8 kJ/m2 in a background gas of SFg. Each area of
the surface was irradiated by approximately 500 pulses. Images taken from reference [46].

Researchers in the Mazur group soon discovered that black silicon had unique

optical properties. When the process is performed in a background gas of SFg [51] or H^S

[49], the surface absorbs nearly all incident light from 0.25-2.5 //m, which is the wavelength

range of our spectrophotometer (see Figure 2.3. In contrast, irradiation was performed in

a variety of other environments including EE [49], N2, CI2, air [48] and vacuum [43] and

broadband near-unity absorptance is not observed. What is most evident from Figure 2.3,

is that sulfur appears to be a key ingredient in producing a surface that has near-unity

infrared absorptance.

Enhanced absorptance at wavelengths less than 1 gm is exhibited by all samples

in Figure 2.3. This increased absorptance is attributed to the natural linear absorption of

silicon enhanced by multiple reflections due to the roughened surface.

The samples irradiated in N2, H2, CI2, and air exhibit a similar absorptance to

samples irradiated in vacuum. Between 1.2-2.5 //m, the absorptance curve for these samples

starts at near unity and then decreases with increasing wavelength. As all the samples

resemble vacuum this absorptance spectrum is attributed to structural disorder in the laser
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Figure 2.3: Absorptance spectra of silicon irradiated in different environments: SF'e and
H2S (left) and N2, H2, Cl2, air and vacuum (right).
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Figure 2.4: Cross-sectional transmission electron microscopy analysis of silicon irradiated
with 100 fs laser pulses focused to a fluence of 8 kJ/m2 in a background gas of SFe- Left
and upper right: bright field images showing the laser modified surface layer. Lower right:
Selected area diffraction analysis of the laser modified surface layer. Images obtained from
reference [46].

modified surface brought about by the trapping of defects during resolidification.

In order to understand the role sulfur plays in the infrared absorptance, the 
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structure and composition of the laser modified surface layer was investigated using cross-

sectional transmission electron microscopy (TEM) and Rutherford backscattering spectrom­

etry (RBS) respectively [46,49,50]. Figure 2.4 shows bright field TEM images and selected

area diffraction of the laser modified surface layer. The diffraction pattern indicates that 

the single crystal substrate has a polycrystalline surface layer. Close inspection of the bright 

field images shows that the grains are extremely small, well less than 100 nm. The changes

in contrast in the bright field image indicate changes in orientation of each grain of the 

poly crystalline material. Based on these observations the grain size of the polycrystalline 

material ranges from 10-50 nm [46].

Table 2.1: Summary of three previous RBS studies on femtosecond laser irradiated silicon.

SFq gas [46] 8 kJ/m2 500 0.7 ± 0.1

SFg gas [46] 8 kJ/m2 500 725 K 0.5 ± 0.1

SFq gas [46] 8 kJ/m2 500 875 K 0.5 ± 0.1

SFg gas [49] 10 kJ/in2 600 - 1.0 ± 0.2

H2S gas [49] 10 kJ/m2 600 - 1.0 ± 0.2

FI2S gas [49] 10 kJ/m2 600 900 K 1.0 ± 0.2

Ar + 1% SF6 gas [49] 10 kJ/m2 600 - 0.6 ± 0.2

sulfur powder [50] 10 kJ/m2 600 1.0 ± 0.2

sulfur powder [50] 10 kJ/m2 600 775 K 1.0 ± 0.2

selenium powder [50] 10 kJ/m2 600 - 0.7 ± 0.2

selenium powder [50] 10 kJ/m2 600 775 K 0.7 ± 0.2

tellurium powder [50] 10 kJ/m2 600 - 1.5 ± 0.2

tellurium powder |50| 10 kJ/m2 600 775 K 1.3 ± 0.2

Analysis of the surface with Rutherford backscattering spectrometry shows that

the surfaces irradiated in SFg contain a large concentration of sulfur. Selected results are

summarized in Table 2.1. These concentrations exceed the solid solubility by several orders
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Figure 2.5: Left: Absorptance spectra of silicon irradiated in SFg after annealing at different
temperatures for 30 minutes. Right: Selected area diffraction analysis of the laser modified
surface layer after annealing at 875 K for 30 minutes. Spectra and images obtained from
reference [46].

of magnitude. In one study, the percentage of sulfur atoms that are substitutional was

estimated at 20-70% [46]. Based on these results researchers in the Mazur group proposed

that the high concentration of sulfur atoms in the polycrystalline surface layer created a

densely populated donor impurity band in the band gap of silicon. Promotion of electrons

from this impurity band into the conduction band allows for the increased absorption of

infrared light.

Along with exploring the structure and composition of the surface layer, researchers

discovered that the absorption of infrared light decreases after thermal annealing [46]. Fig­

ure 2.5 shows how the infrared absorptance decreases wuth increasing annealing temperature.

To explain this decrease, researchers investigated changes to the laser-modified polycrys­

talline surface layer with cross-sectional TEM and RBS analyses. Table 2.1 shows that

annealing has only a small effect on sulfur concentration, and in some instances has no

effect. Based on cross-sectional TEM analysis performed on annealed samples (Figure 2.5),

there does not seem to be any structural change to explain the decrease in absorption of

infrared light. The surface layer is still polycrystalline with an extremely small grain size.
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Figure 2.6: Left: Cartoon depicting the electrode configuration used to measure I-V curves
of sulfur-doped femtosecond laser irradiated silicon. Right: Changes in I-V curves with
annealing. Silicon substrate is Si(lll), n-type (p = 800-1200 Q-cm). Data obtained from
reference [52],

At this point the most likely source of the infrared absorptance was thought to 

be sulfur atoms coordinated with the highly disordered silicon lattice in such a way that

they were optically active immediately after irradiation [46,49]. The sulfur atoms were

not in the most energetically favorable equilibrium configuration; they were trapped in this

configuration as a result of the extremely fast resolidifcation rate following ultrashort pulse

laser irradiation [12]. Therefore, when annealing was performed, the sulfur-silicon network

relaxed to a more favorable configuration where the sulfur atom was no longer optically

active.

In addition to studying femtosecond laser irradiated silicon from a materials sci­

ence viewpoint, various applications have been pursued including field emission [43], drug

delivery, manipulation of biological species [53], photoluminescence [54], infrared light de­

tection [52] and photovoltaics [43]. We will discuss the latter two as they are relevant to

this thesis.

Annealing was discovered to have another effect on sulfur-doped femtosecond laser

irradiated silicon. Figure 2.6 shows how current-voltage (I-V) measurements were made
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Figure 2.7: Left: Responsivity versus wavelength of incident light for sulfur-doped fem­
tosecond laser irradiated silicon at different reverse bias voltages. Right: Current versus
voltage graph showing the photovoltaic properties of sulfur-doped femtosecond laser irradi­
ated silicon when illuminated with 100 mW/cm2 of solar radiation (AM 1.0). The lower 4th
quadrant shows a maximum. powTer generation of 1.5 mW, resulting in a conversion efficiency
of ~ 1.5 %. Silicon substrate is Si(lll), n-type (p =800-1200 Q-cm) for the photodiode
and p-type (p =1-10 Q-cm) for the solar cell. Data obtained from references [43,52].

through the plane of a sample. Immediately following irradiation, the entire wrnfer acts

as a resistor; however with increasing annealing temperature a diodic junction is formed.

Researchers proposed that after irradiation, the incorporated sulfur atoms did not contribute

additional free carrier electrons and therefore the electrical response is determined by the

substrate (Si(lll), n-type, p = 800-1200 Q-cm). However, after annealing, the coordination

of the sulfur atoms changes and the extra valence electrons of sulfur increase the free carrier

concentration in the surface layer. In addition, the annealing removes lattice defects that act

as traps for charge carriers. The result is that the surface layer becomes heavily n-doped;

this is supported by Hall measurements [52]. The gradient in free carrier concentration

between the surface layer and the bulk sets up a static electric field that forms a diodic

junction.

Under a reverse bias, this diodic junction was found to be highly responsive to

visible and infrared light in comparison to commercial silicon photodetectors. Under zero
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Figure 2.8: Absorptance spectra of silicon irradiated with 100 fs laser pulses focused to 10
kJ/m2 in the presence of a powder dopant of sulfur, selenium or tellurium before left and
after right annealing at 775 K for 30 minutes. Silicon substrate is Si(lll), n-type (p =
800-1200 Q-cm). Data obtained from reference [50].

bias, the junction behaved as a photovoltaic device with a maximum efficiency of ~ 1.5 %

(see Figure 2.7).

Recently, several other elements have been incorporated into silicon during fem­

tosecond laser irradiation resulting in near-unity absorptance of infrared light. Figure 2.8

shows the absorptance spectra obtained when silicon is coated with sulfur, selenium or tel­

lurium powder prior to irradiation in N2 gas. Based on the results obtained after annealing

a new theory was proposed for the origin of the infrared absorptance [50]. The author of this

thesis contributed to the development of that theory. We proposed that the absorptance

was due to a supersaturated concentration of dopant atoms in the polycrystalline grains of

the laser modified surface region forming a densely populated impurity band. This is similar

to the previous theory, however, we proposed that the reduction of infrared absorptance is

caused by diffusion of the supersaturated dopants from out of the bulk of the polycrystalline

grains to the grain boundaries. This theory is consistent with the preliminary data in Figure

2.8 as sulfur diffuses the fastest in silicon, selenium diffuses less fast and tellurium diffuses

the slowest.
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This thesis covers several areas that add to the knowledge base of the previous

work. Chapter 3 covers the formation of particles in the ablation plume during femtosecond

laser irradiation of silicon in a near atmospheric pressure background gas which has not been

explored before to the author’s knowledge. The data and models presented in Chapter 4

provide strong evidence that the proposed mechanism for the infrared absorptance of fem­

tosecond laser irradiated silicon is valid. Chapter 5 expands on the current understanding

of the photovoltaic and light detection properties of femtosecond laser irradiated silicon.

2.2 Experimental methods: femtosecond laser system

The intense, high energy, untrashort laser pulses were produced by a home-built

regeneratively amplified femtosecond laser system. Although the laser system evolved over

the years, it was originally built in 1993 [55-57]. At that time it was one of the first of its

kind.

Starting with the creation of the femtosecond laser pulses in the Tksapphire os­

cillator we will describe the journey that the pulses take as they travel through the various

components of the laser system until they ultimately arrive at the silicon wafer for our

experiment.

2.2.1 Creating the femtosecond laser pulses

The femtosecond laser pulses are initially created by pumping a titanium-doped

sapphire crystal mounted in a Kapteyn-Murnane Labs oscillator kit using a Verdi solid

state laser—532-nm, 5-W, CW (continuous wave, i.e. non-pulsed). The 532-nm pump

laser produces 800-nm fluorescence in the Ti:sapphire crystal. The fluorescence wavelength

is determined by the energy levels of the Tksapphire crystal. The 532-nm light excites

electrons in the crystal to a high energy state. These electrons decay quickly to a slightly 
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lower metastable state where their lifetime is longer. Eventually they decay from this level

to the ground level and a photon of wavelength ~ 800 nm is emitted for each electron that

decays.

The end mirrors of the oscillator kit are aligned so that the fluorescence leaving

both sides of the crystal are directed back through the crystal along the same path . By

aligning the end mirrors in this fashion we can initiate lasing in the cavity. Lasing occurs

when at any given instant a majority of the electrons available for excitation in the crystal

are in the excited state (this is known as population inversion). Rather than these excited

electrons decaying randomly, they are stimulated to decay by photons (which have already

been created by fluorescence also called spontaneous emission) passing back through the

crystal. This causes the stimulated photons to have the same phase as the photon which

initiated their decay. The result is a self-perpetuating beam of photons that bounces back

and forth in the cavity with the same phase. This is a continuous wave (CW) laser.

The oscillator is passively mode-locked to produce pulses of light rather than a CW

laser. Passive mode-locking is achieved by aligning the pump laser and oscillator to produce

the optimal spatial mode of the laser in the cavity and then introducing a disturbance. We

accomplish this by moving one of the prisms in the oscillator kit in a step-wise fashion. The

pulses leave the oscillator cavity through one of the end mirrors (called an output coupler),

which allows a few percent of transmittance to escape. When mode-locked, and using a

typical pump power of 3 W, the oscillator produces 100-fs laser pulses centered about a

wavelength of 800 nm at 90 MHz with an average power of 350 mW at the exit of the

output coupler. Each pulse contains only 4 nJ of energy. This energy alone is not sufficient

to ablate silicon and we therefore amplify these pulses.
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2.2.2 Amplifying the femtosecond laser pulses

The pulses are amplified inside a second laser cavity with a second Thsapphire

crystal. This laser cavity is called the amplifier cavity. This crystal is pumped by a 1-kHz,

527-nm, 200-ns pulsed laser system. The nanosecond laser has a neodymium-doped yttrium

lithium fluoride (Nd:YLF) crystal pumped by a flash lamp (as a result we refer to this laser

as the “YLF”, pronounced “yulf”).

The pulses coming from the oscillator cavity cannot be amplified directly. Their

short pulse duration would cause extreme intensities and would damage the optics in the

amplifier cavity. The femtosecond pulses leaving the oscillator cavity are therefore stretched

to picoseconds using a grating-based stretcher.

The amplifier cavity, pumped by the YLF, is a laser by itself that emits 200-ns

pulses of 800-nm light at 1-kHz. One out of every 90,000 pulses from the oscillator cavity

(this matches the pulse rate of the YLF, 1-kHz) is overlapped inside the amplifier crystal so

that it occupies the same time and space as the 800-nm, 200-ns laser pulses. The timing can

be adjusted so that the picosecond oscillator pulse arrives just before each 800-nm, 200-ns

pulse forms. By doing this, the picosecond oscillator pulse causes stimulated emission of the

electrons that were excited inside the amplifier crystal by the YLF pulse. The picosecond

pulse in effect “steals” the energy that would have gone into the 800-nm, 200-ns pulse.

In this scenario, the picosecond pulse is referred to as the seed pulse, because it seeds

the stimulated emission of the amplifier cavity. The 200-ns pulse, which is not created,

is referred to as the Amplified Stimulated Emission (ASE), since it would be the normal

emission that would occur if the seed pulse was not present. When aligning an amplifier

cavity the goal is always to reduce the magnitude of the ASE, as this is lost energy that

cannot be added to the seed pulse.

In our system, the round trip time of light in the amplifier cavity is 11 ns. Therefore
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Figure 2.9: Layout of amplifier cavity. The polarization of the laser light in each section of
the cavity is indicated by an “s” or “p.” 

every 11 ns, the seed pulse can gain in energy as it passes through the crystal. Each time the

seed passes through the crystal it prevents the ASE from gaining in energy. The seed pulse

grows to a maximum, in energy after 20 23 round trips (depending on optimal alignment of

all the optics). At this point there are no more excited electrons left in the amplifier crystal.

When the seed has reached it’s maximum energy, it is switched out of the amplifier cavity.

2.2.3 Controlling the injection and ejection of the seed pulse

Switching the seed pulse into and out of the amplifier cavity is accomplished by

the following method. The seed pulse enters the amplifier cavity by reflecting off a thin film

polarizer (TFP), which reflects s-polarized light and transmits p-polarized light. Figure 2.9,

shows the relative positions of the optics in the amplifier cavity and necessary components

for switching the seed pulse into and out of the cavity: the Pockels cell and polarizer cube.
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The seed pulse is s-polarized so it reflects off the thin film polarizer and heads

toward the Pockels cell. The Pockels cell contains a material which can rotate the polar­

ization of light when an electric field is applied to the material. This is accomplished by

applying a voltage to the Pockels cell. Our Pockels cell rotates polarization 90° from s to

p or from p to s. When the Pockels cell is in a state so that it rotates the polarization of

light, it is said to be “on” or “firing,” when the Pockels cell passes the light unaffected it is

said to be “off” or “not firing.” The polarizer cube in our set up transmits p-polarized light

and diffracts s-polarized light at a right angle out of the side of the cube. The Pockels cell

and the polarizer cube together comprise an electro-optic switch.

When the Pockels cell is off, the s-polarized seed pulse passes through and remains

s-polarized; it then diffracts off the polarizer cube and exits the amplifier cavity never

having passed through the amplifier crystal. This happens to 89,999 pulses out of every

90,000 pulses coming from the oscillator. However for one out of 90,000 pulses the Pockels

cell fires, resulting in an 8 ns window where the polarization of the seed pulse will be rotated

from s to p. The seed pulse is then transmitted through the polarizer cube; back reflects off

the amplifier cavity end mirror; passes through the polarizer cube and Pockels cell again;

passes through the thin film polarizer (because it is now p-polarized); reflects off the folding

mirror; passes through the Thsapphire crystal; back reflects off the second end mirror and

repeats the same path for 20-23 round trips. Then after 210-240 ns (20-23 trips), the

Pockels cell is fired again and the polarization of the now amplified seed pulse is rotated

from p to s and it exits the cavity by diffracting off of the polarizer cube.

The timing of the Pockels cell is controlled by an SRS timing box. A small fraction

of the initial seed pulse is reflected with a piece of glass into a photodiode. This 90 MHz

signal is amplified and then sent to a countdown box that outputs 1 electrical pulse for

every 90,000 pulses. This 1-kHz signal is split into two signals. One is used to trigger the 
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YLF and the second signal enters the SRS timing box where a delay can be added before

being sent to trigger the firing of the Pockels cell. By performing the timing in this manner

all of the electronics are controlled by the same original signal (so they all have the same

clock) and the delay in the SRS timing box can be varied until the seed pulse arrives inside

the amplifier crystal at the optimal time for amplification.

2.2.4 The amplified femtosecond laser pulses

For our system amplification works best when the YLF pumps the amplifier crystal

at 6.75 W. Then, at the output of the polarizer cube, we obtain picosecond pulses at 1-kHz

with a maximum average power of 1.1 W. The amplified pulses are then compressed to 100

fs by a grating-based compressor. As a result of grating losses, the maximum average power

is reduced to 350 mW.

At this point each femtosecond laser pulse contains 350 /rJ of energy, which is

approximately 1000 times larger than the pulse energy at the output of the oscillator cavity

and more than enough energy to ablate silicon.

2.2.5 Aligning the amplifier cavity

Two oscilloscopes are used to monitor the laser. One receives the signal from

the photodiode that looks at the seed pulse and is used to help with mode-locking. A

second one is used to monitor the seed pulse both inside and outside the amplifier cavity.

To view the seed pulse while it is in the amplifier cavity, a photodiode is placed behind

the second amplifier cavity end mirror. This end mirror is an output coupler allowing a

small transmittance. This oscilloscope is used to help align the pointing of the seed pulse;

align the amplifier cavity end mirrors; and adjust the Pockels cell timing to ensure that

amplification is occurring as efficiently as possible. The second oscilloscope needs to be 
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triggered by the same common electrical signal that triggers all of the electronics.

The following procedure is used to obtain good amplification of the seed pulse.

With the seed pulse blocked, we observe the YLF pulse and the ASE pulse on the same

photodiode. This can be done essentially from anywhere on the optics table as both the

YLF pulse and the ASE are quite bright and scatter light in all directions off of each of the

optics. While viewing both pulses on the same photodiode, the amplifier cavity end mirrors

are adjusted iteratively in order to shrink the time between the YLF pulse and the ASE

pulse to the minimum value. A typical value for our system is 250 ns. The pointing of the

YLF pulse may require adjusting as well in order to find the minimum time.

Next, we view the photodiode at the output coupler of the amplifier cavity and

inject the seed while disabling the ejection of the seed. By blocking and unblocking the seed,

we can watch the ASE appear and then dissappear (being replaced by the seed signal). The

seed will look like a series of peaks that grow larger and larger. The peaks are separated by

11 ns (the round trip time of the amplifier cavity). The seed signal occurs earlier in time

than the ASE. By monitoring the seed signal we adjust the mirrors that control the pointing

of the seed pulse to cause amplification to happen at the earliest time possible. This ensures

that the most efficient amplification is occurring. Next the timing of the injection is varied

so that amplification occurs at the earliest time. We choose the latest injection time that

results in the earliest amplification, meaning that if we move the injection time earlier and

the amplification stays the same, we use the later injection time. Finally we then enable

ejection of the seed pulse and monitor the power at output of the polarizer cube. We change

the ejection timing in order to get the highest possible power (usually 1.1 W).
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Figure 2.10: Schematic diagram of the system used for femtosecond laser irradiation of
silicon in various environments.

2.3 Experimental methods: irradiation process and vacuum

chamber

The experiments in this thesis were performed inside a stainless steel vacuum

chamber anchored to the optics table on four legs (see Figure 2.10). The main chamber

is an 8-inch welded stainless steel cube. A corrosion resistant roughing pump is used to

evacuate to 10”3 Torr. A convectron gauge monitors the pressure between 10“3-10”1 Torr;

a baratron pressure gauge monitors pressure between 1 and 1000 torr.

Silicon wafers are mounted to a stainless steel magnetic disc with carbon tape.

This disc is then placed inside the chamber on a permanent magnet that is anchored to

a stainless steel arm connected to a 3-axis linear translation system on the back of the 
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cube. The two axes that are orthogonal to the laser beam (in the plane of the sample) are

computer controlled; the third axis is manually controlled. The silicon wafer is centered on

the translation stage using a CW Helium-Neon laser that is aligned to take the same path

as the femtosecond laser pulses.

The femtosecond laser pulses are focused through the quartz window with a 25 cm

focal length lens, anti-reflection coated for 800 nm light. The focus of the lens is behind the

sample. The lens is mounted on a single axis linear translation stage with a 2-inch travel.

Spot sizes ranging from 30-250 gm could be reliably achieved. The spot size is measured by

raising a flipper mirror and directing the beam into a CCD camera at a calibrated distance

from the flipper mirror.

Prior to irradiation the chamber is evacuated, and then filled with a specific back­

ground gas. During irradiation, white light shines on the silicon wafer and the reflected

light is collected by a second CCD camera, which allows the reflectivity change of the

silicon surface to be monitored live with a magnification of approximately 60 times.

The number of pulses that are incident on any one area is determined by the spot

size, the repetition rate of the laser (1-kHz) and the translation speed of the wafer. The

maximum translation speed for our motors is 1.5 mm/s. For a spot size of 150 gm, this

equates to a minimum number of pulses/area. of 100. A fast mechanical shutter triggered

by the same electrical signal used to the trigger the electronics of the laser system allows

the repetition rate of the laser to be varied from. 1-100 Hz which allows for lower numbers

of pulses/area.
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Chapter 3

Formation of silicon nanoparticles

by femtosecond laser ablation in a

background gas

3.1 Chapter abstract

We show that the mechanism of nanoparticle formation during femtosecond laser

ablation of silicon is affected by the presence of a background gas. Femtosecond laser abla­

tion of silicon in a H2 or HqS background gas yields a mixture of crystalline and amorphous

nanoparticles. The crystalline nanoparticles form via a thermal mechanism of nucleation

and growth. The amorphous material has smaller features and forms at a higher cooling

rate than the crystalline nanoparticles. The background gas also results in the suspension

of plume material in the gas for extended periods, resulting in the formation (on a thin film

carbon substrate) of unusual aggregated structures including nanoscale wrebs that span tears

in the film. The presence of a background gas provides additional control of the structure

29
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and composition of the nanoparticles during short pulse laser ablation.

3.2 Introduction

Femtosecond laser ablation is the explosive removal of material excited to extreme

temperatures and pressures through absorption of a high-intensity laser pulse of subpicosec­

ond duration. The femtosecond laser ablation of metals and semiconductors in a vacuum

environment has been investigated extensively [20-22,35,36,58]. Recent research has fo­

cused on the formation mechanism of silicon nanoparticles created by the irradiation of

silicon in vacuum with 800-nm, laser pulses of 80 to 200-fs duration [22,35,36,58]. Hy­

drodynamic models suggest that the nanoparticles form via mechanical fragmentation of a

highly pressurized fluid undergoing rapid quenching during expansion in the vacuum [22].

Experimental studies of the evolution of the ablated silicon support this theoretical predic­

tion and show that the ablated material is composed almost entirely of ejected liquid silicon

with very little vapor [35,36]. In addition, it was found that the nanoparticles form within

50 ps by a non-equilibrium, non-thermal phase transformation rather than by a thermal

nucleation and growth process [36].

In this paper we present work on the irradiation of silicon with 800-nm, 100-fs

laser pulses in a background gas of hydrogen (H2) oi' hydrogen sulfide (II2S). Our results

indicate that the presence of the background gas during irradiation fundamentally changes

the mechanism for nanoparticle formation. We observe two phases in the collected plume

material: spherical particles of crystalline silicon ranging in diameter from. 5-300 nm and a

highly porous network of amorphous silicon with feature sizes ranging from 1-10 nm. We

find that the crystalline nanoparticles form by thermal nucleation and growth; the amor­

phous phase forms from small droplets of liquid that are subjected to a high cooling rate. 
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The size distribution of the crystalline nanoparticles is log-normal—that is, the logarithm of

the particle diameter has a Gaussian distribution—suggesting that the ejected material ini­

tially contains a vapor component instead of consisting of just liquid droplets as observed in

vacuum [36]. The presence of the background gas also gives rise to the formation of unusual

webs of nanoparticles on the collection substrate. Our results indicate that the background

gas affords additional control of the structure and composition of the nanoparticles.

3.3 Experimental setup

The ablation plume was generated by irradiating a Si(lll) wafer (n-type, p ------

8-12 Q-m) with a 1-kHz train of 100-fs, 800-nm laser pulses produced by a regeneratively

amplified Tksapphire laser. The silicon wafer was placed in a stainless steel vacuum cham­

ber, evacuated to about 6.7 Pa and then filled with either H2 or EPS to various pressures.

The laser pulses were focused onto the silicon to a diameter of 150 pm yielding a peak

fluence of 10 kJ/m2 and a peak intensity of about 1017 W/m2. The plume material was

collected over the course of 1 hour as the silicon wafer was translated at a speed 250 pm/s

to prevent degradation of the target. This translation speed resulted in an average of 600

pulses delivered to each spot on the surface.

We used transmission electron microscope specimen grids (3-mm diameter, 200

mesh copper grids, coated on one side with a 20-nm thick film of amorphous carbon) to

collect material in the plume. The plane of the grids was perpendicular to the silicon surface

and suspended above and in front of the silicon target with 18 gauge copper wire and carbon

tape. The grids were positioned 10 mm from the target with the carbon-coated side facing

down (see Figure 3.1).
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Figure 3.1: Experimental setup used for collecting nanoparticles.

3.4 Results

We visually observed the ablation plume and collected the ejected material on

transmission electron microscope (TEM) specimen grids positioned 10 mm from the target.

The size, structure and composition of the collected nanoparticles were determined using

bright and dark field imaging, selected area diffraction, and energy dispersive spectroscopy

in a transmission electron microscope.

The background gas influences the shape and trajectory of the ablation plume. At

a 1-kHz pulse rate, the ablation plume appears as a constant stream of ejected material

in the shape of a cone, which expands from the 150-/zm diameter laser-irradiated spot to

millimeter dimensions making it readily visible to the eye. In contrast to vacuum., where

the ejected material retains most of its initial kinetic energy until it impacts a surface, the

background gas reduces the kinetic energy of the ejected material to zero. The material
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Figure 3.2: (a) Low magnification TEM bright field image showing particles formed in the
ablation plume of silicon irradiated with trains of femtosecond laser pulses in II2 at 67
kPa. (b) Higher magnification of the highlighted area in (a) reveals a network composed of
spherical particles and porous material.

then remains suspended in the background gas for the duration of the experiment and

travels around the chamber by convection. When H2S is used as the background gas, the

ablation plume is a narrow cone that initially travels perpendicular to the silicon surface

and then curves upward until it comes to a stop and begins to fall back down. When H2 is

the background gas, the ablation plume is a wider cone that remains perpendicular to the

silicon surface until it eventually slows to a stop and then travels around the chamber by

convection.

Although the trajectory of the ablation plume is different for irradiation in both

H2S and H2, the size and the structure of the collected material is the same. The TEM bright

field image in Figure 3.2a shows that the collected material is composed of an extremely

fine network of aggregated material. The network consists of clusters of spherical particles,

ranging in diameter from 5-300 nm, dispersed in a highly porous material with feature

sizes ranging from 1-10 nm (Figure 3.2b). In Figure 3.2b, the spherical particles vary in

brightness from light gray to deep black. In bright field imaging, a low brightness indicates
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Figure 3.3: (a) TEM bright field image of particles generated in the ablation plume of silicon
irradiated in at 67 kPa. Selected area diffraction reveals that (b) the spherical particles
are crystalline and (c) the porous material is amorphous.

that the material is highly diffracting [59]. When imaging the spherical particles, they

alternate between gray and black on the time scale of seconds. This observation supports

that the particles are single crystals; the alternating brightness is caused by the particles

tilting in and out of the diffraction condition when they collect charge in the electron

microscope. In comparison, the brightness of the highly porous material does not vary

with time and appears between light-gray and dark-gray depending on the thickness of

accumulated material.

Figure 3.3a is a TEM bright field image showing the spherical particles on the left
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Figure 3.4: Analysis of the polycrystalline diffraction pattern. The ratio of the size of each
concentric ring in the diffraction pattern matches the allowed reflections of the diamond
cubic crystal structure.

and the highly porous material on the right. Figures 3.3b and 3.3c are electron diffraction

patterns obtained using the selected area diffraction apertures indicated by the correspond­

ing circles in Figure 3.3a. The diffraction pattern in Figure 3.3b is characteristic of a

poly crystalline material and the relative diameters of the rings confirm that the crystal

structure of the spherical particles is diamond cubic (see Figure 3.4). By positioning the

selected area diffraction aperture over an individual particle, we verified that each particle

is actually a single crystal (see Figure 3.5) and that the diffraction pattern in Figure 3.3b

is the result of an ensemble of single crystal particles each at a different orientation. In

contrast, Figure 3.3c shows a diffraction pattern nearly absent of diffraction peaks, indicat­

ing an amorphous structure. The presence of a few diffraction peaks is due to crystalline

particles mixed in with the amorphous material. Closer inspection of the image in Figure

3.3a confirms the presence of a few crystalline particles in the amorphous material.

The bright and dark field TEM images in Figure 3.6 confirm that the highly porous

material is amorphous. Figure 3.6a is a bright field image showing a mixture of spherical

SIONYX1403000043.0022

SAMSUNG EX. 1002 - 665/4148



Chapter 3: Formation of silicon nanopa/rticles by femtosecond laser ablation in a
background gas 36

022
202

220

60°60°

60°

Figure 3.5: Left: TEM bright field image of nanopartides. The circle indicates the approxi­
mate size and location of the selected area diffraction aperture. Center: Diffraction pattern
from selected area diffraction aperture positioned over a single nanoparticle. Right: Inverse
of the diffraction pattern. Analysis of the pattern shows the particle is a single crystal and
oriented along a [lll]-type axis.
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Figure 3.6: (a) TEM bright field image of particles generated in the ablation plume of silicon
irradiated in IE at 67 kPa. (b) Compilation of eight dark field images acquired with the
TEM C2 aperture positioned at eight different locations along the (111) diffraction ring.
The bright areas indicate the locations of crystalline material.

particles and highly porous material. Figure 3.6b is a compilation of eight dark field images

acquired with the TEM C2 aperture positioned at different locations around the first ring of

the diffraction pattern in Figure 3.3b. The first diffraction ring is populated by crystalline

reflections from (111) type planes. In each of the eight images, different spherical particles 
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appear bright depending on whether their crystalline orientation produces a (111) type

reflection (e.g., each of the twelve [Oil] and twenty four [112] orientations in a diamond

cubic crystal produce a (111) type reflection). Crystalline particles that do not appear

bright in Figure 3.6b are likely oriented along a direction that does not produce a (111)

reflection at any of eight locations. In contrast, the highly porous material is a uniform dark

gray in all eight images, confirming that it is amorphous. If the highly porous material were

crystalline, it would be unlikely that no part of that material produces a (111) reflection in

any of the eight orientations.

The dark field images used to form Figure 3.6b were compiled in the following man­

ner. In seven of the eight images, the lower fourth of the brightness scale was subtracted.

This removed the dark gray amorphous material from, each image and left the bright crys­

talline particles behind. These images were then summed together and then added to the

eighth image (which was unaltered) to produce Figure 3.6b. By performing the sum in this

manner, the relative brightness between the spherical particles and the amorphous phase

in Figure 3.6b is representative of each of the eight dark field images.

Using energy dispersive spectroscopy we find that the main component of both

the crystalline particles and the amorphous material is silicon. Trace amounts of oxygen,

carbon, and sulfur are detected in the amorphous material, and to a lesser extent in the

crystalline particles. Sulfur is only detected when H^S is used as the background gas. The

presence of oxygen and carbon can be attributed to oxidation and contamination during

transportation of the TEM specimen grids from the vacuum chamber to the TEM.

Figures 3.7 and 3.8 show aggregated material on copper TEM specimen grids

coated with a smooth continuous carbon film. Figure 3.7 shows several strands of particles

over 30 //m in length. The strands also span 10-//m wide rips in the continuous carbon

film like the strands of a web (Figure 3.8a). Higher magnification images show that these
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Figure 3.7: TEM bright field image showing that particles aggregate in straight lines mea­
suring over 30 pm in length.

nanoscale webs are composed of both crystalline particles and amorphous material (Figure

3.8b). We find that the collection surface affects the aggregation of nanoparticles and amor­

phous material. For example, TEM specimen grids that are coated with an uneven, holey

carbon film gives rise to small clusters instead of strands of particles. These observations

suggest that it may be possible to control the self-assembly of nanoparticles through the

morphology of the substrate.

We studied the dependence of the size and structure of the ablated material on

pressure by collecting the ablated material at various H2 background pressures. The amount

of amorphous material collected on the TEM grids increases as the pressure decreases. At 
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Figure 3.8: (a) Low magnification TEM bright field image showing particles forming
nanoscale webs that span 10-/zm wide gaps in the collection substrate, (b) Higher magnifi­
cation TEM bright field image showing that the bridges are composed of both crystalline
and amorphous particles.

13 kPa, there is approximately 3 times more amorphous material than at 67 kPa. At

0.27 kPa, the collected material is nearly completely amorphous, intermixed with a few

crystalline particles. The crystalline material, too, changes with pressure. Figure 3.9 shows

the crystalline particle size distribution at two different background pressures: 13 and 67

kPa. The average size of the crystalline particles increases as the pressure decreases. At both

13 and 67 kPa, the size of the crystalline particles fit a log-normal distribution. However,

the geometric mean diameter is greater for particles produced at 13 kPa (18.8 ± 0.2 nm)

than at 67 kPa (16.2 ± 0.2 nm). At 0.27 kPa, the crystalline particles are embedded

in a continuous amorphous film preventing the determination of an accurate particle size

distribution.

3.5 Discussion

Depending on the cooling rate, liquid silicon forms either the energetically favor­

able crystalline phase or a metastable amorphous phase upon cooling [60]. Amorphous
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Figure 3.9: Size distribution of crystalline nanoparticles formed during femtosecond laser
ablation of silicon in H2 gas at 13 kPa (open circles) and 67 kPa (filled diamonds). The
solid and dashed curves are log-normal fits with geometric means of 18.8 ± 0.2 nm and
16.2 ± 0.2 nm, and standard deviations of 0.50 ± 0.02 nm and 0.44 ± 0.02 nm for particles
formed at 13 kPa and 67 kPa, respectively.

silicon is typically formed though vapor deposition processes, although, at high cooling

rates, such as in electrohydrodynamic atomization of silicon in vacuum [61, 62] (106-107

K/s) or after irradiation of a silicon substrate with nanosecond [63] and picosecond [1,12]

laser pulses (> 1010 K/s), a metastable amorphous phase can nucleate and grow from the

liquid phase before crystallization occurs [60]. At lower cooling rates, there is sufficient time

for the more stable crystalline phase to nucleate and grow. The presence of both amorphous

and crystalline silicon in the collected material, indicates that the cooling rate in our exper­

iment is near the threshold cooling rate for formation of the amorphous phase (106 K/s).

This cooling rate is well below the estimated cooling rate for femtosecond laser ablation

of silicon in vacuum (1012-1018 K/s) [22], suggesting that the background gas lowers the 
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cooling rate of the ejected silicon. As the background pressure is increased, the amount of

crystalline material increases (Figure 3.9) and the amount of amorphous material—which

requires a higher cooling rate—decreases. The cooling rate within the ablation plume varies,

because the mass of the silicon droplets is distributed over a range. Large liquid droplets

cool by convection and radiation at a slower rate than smaller droplets. Indeed, nearly all of

the crystalline particles we observe are larger in size than the amorphous particles (because

of their larger size they cooled more slowly, providing enough time for crystallization).

The presence of a background gas fundamentally changes the mechanism of nanopar­

ticle formation. In vacuum, the solid-liquid transformation is reported to be nonthermal

and to take place within 50 ps [36]. This time period is too short for particles with crys­

talline order to form. The threshold speed for the crystalline-liquid interface above wdrich

the amorphous phase forms is reported to be 15 m/s [12], At this speed 100-nm particles

require 3 ns to form: 5-nm particles require 160 ps. We observe crystalline particles as large

as 300 nm. Crystalline particles of this size can only form by a thermal process of crystal

nucleation and growth.

The formation of single-crystal rather than polycrystalline particles is consistent

with what is known about nucleation and growdh of crystalline silicon. Multiplying the

volume of the mean particle, 2 x 10“24 m3, by the largest reported [64] value for the

homogeneous nucleation rate, 2 x IO10 m“3s“1, and inverting the result, we find that the

time between two nucleation events within the volume of the mean particle is at least 1013 s,

which is far greater than the solidification time. In other words, the observed nanoparticles

solidify completely before a second nucleation event can occur and therefore they must be

a single crystal.

The log-normal nature of the size distribution of the crystalline particles allows us

to draw conclusions about the process of ablation in a background gas. A log-normal size 
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distribution was first associated wTith the nucleation and growth of small particles during

evaporation of metals in an inert gas [65]. It was recently shown that nucleation and

growth of liquid droplets from the vapor phase produces a log-normal size distribution if

the following four criteria are met [66,67]:

1. nucleus particles (or droplets) only grow in a finite active growth region

2. they travel through it by both drift and diffusion

3. they are collected at a fixed point outside the active zone

4. their size in the active region is a power function of time.

The ablation plume in our experiment meets all of the above criteria if we assume

it is initially composed of vapor or a mixture of liquid and vapor. Liquid droplets in the

ablation plume grow while new droplets nucleate and grow through vapor condensation

until the vapor phase is depleted. The finite amount of vapor establishes a finite active

growth region. The kinetic energy of the ablation plume provides a condition of strong

drift, in addition to diffusion, which is always present. The liquid droplets then solidify as

either crystalline or amorphous depending on their cooling rate and are collected on the

TEM grid. The time dependence of the size of a droplet growing by vapor condensation is

linear (i.e., it is a power function in time where the exponent is unity) [66].

As the background gas pressure is decreased, the peak in the lognormal size dis­

tribution of the crystalline particles shifts to a larger particle size (Figure 3.9). We can

attribute this shift to an increase of the average cooling rate within the plume at lower

pressures. As the cooling rate increases, more of the smaller liquid droplets become amor­

phous and the average size of the crystalline particles increases.

A key difference between femtosecond laser ablation in a background gas and in

vacuum is the evolution of the kinetic energy of the ejected ablation plume. In a vacuum, 
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the ejected material retains much of its kinetic energy and is eventually deposited along a

line-of-sight trajectory. Many evaporation-based thin film, growth techniques, such as pulsed

laser deposition, rely on this process. However, in a background gas, the kinetic energy of

the ejected material is reduced significantly due to interaction with the background gas. The

initial kinetic energy can be reduced to zero before any deposition occurs and the plume

material moves about the chamber by convection. In II2S, the ejected plume is observed to

turn upward in the opposite direction of gravity. This upward turn is likely brought about

by a density difference between the plume and the background gas resulting in a buoyancy

effect. In H2, the plume remains perpendicular to the target, indicating that the density of

the plume is similar to H2.

We attribute the formation of nanoscale webs to the aggregation of particles sus­

pended in the background gas. As the plume material remains suspended in the chamber

during the length of the experiment, the particles aggregate and form three-dimensional

structures and clusters, which then come to rest on the TEM grids. The strands of the

nanoscale webs are composed of individual aggregated nanoparticles (Figure 3.8b). A re­

cent theoretical report on coagulation of particles suspended in a gas predicts that under

certain conditions particles aggregate into web-like clusters similar in shape to the clusters

we observe [68]. It may be possible to form, more complex three-dimensional nanostructures

by controlling the gas type and pressure as well as the morphology, structure and chemistry

of the collection substrate.

3.6 Conclusion

The presence of a gas during femtosecond laser ablation of silicon changes the

fundamental mechanism by which nanoparticles form. The background gas suppresses the 
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non-thermal phase transformation observed in vacuum allowing some particles to crystallize

through a thermal nucleation and growth process. The log-normal size distribution of

crystalline particles suggests that the ablation plume contains a vapor component. The

presence of the background gas also results in the suspension of plume material in the

chamber for extended periods of time resulting in the formation of long straight lines and

webs of nanoparticles. The pressure and gas chemistry control the structure, composition

and size distribution of the ejected material. Our results show that it may be possible to

tailor the creation of nanoparticles and control their self-assembly on a collection surface.
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Mechanism of broadband infrared

absorption in chalcogen-doped

silicon

The organization of this chapter is as follows: Sections 4.1 through 4.6 very nearly

represent the as-submitted journal article on the Mechanism of broadband infrared absorp­

tion in chalcogen-doped silicon. Section 4.7 provides supplemental information to the main

arguments developed in Sections 4.1 through 4.6. The information in Section 4.7 is pre­

sented to provide more experimental details and more graphical representations of the data

for future reference.

4.1 Chapter abstract

Sulfur doping of silicon beyond the solubility limit by femtosecond laser irradiation

has lead to near-unity broadband absorption of visible and infrared light and the realization

of silicon-based infrared photodetectors. The nature of the infrared absorption is not yet well

45
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understood. Here we present a detailed study on the reduction of infrared absorptance after

various anneals of different temperatures and times for three chalcogens (sulfur, selenium,

and tellurium) dissolved into silicon by femtosecond laser irradiation. For sulfur doping, wTe

irradiated silicon in SFg gas: for selenium and tellurium, we evaporated a film onto the silicon

and irradiated in N2 gas; lastly, as a control, we irradiated untreated silicon in Nq gas. Our

analysis shows that the deactivation of infrared absorption after thermal annealing is likely

caused by dopant diffusion. We observe that a characteristic diffusion length—common to

all three dopants—leads to the reduction of infrared absorption. Using diffusion theory,

we show that the grain size of the re-solidified surface layer is a probable source of this

characteristic diffusion length , indicating that deactivation of infrared absorptance could be

caused by precipitation of the dopant at the grain boundaries.

4.2 Introduction

Silicon is often doped with chalcogens such as sulfur and selenium to obtain op­

toelectronic properties not typically available to silicon-based devices, such as detection of

infrared light [52,69—71], and light emission (photoluminescence [72—75] and, more recently,

electroluminescence [76,77]). In addition, the presence of the chalcogen atom in the silicon

lattice is studied for its potential as a double donor [78,79].

Doping is typically done by vapor diffusion during furnace annealing [72,75,79-81]

or ion implantation followed by furnace annealing [70,75,82-85]. These methods have been

used to establish the bulk diffusivity and equilibrium solubility limit of sulfur [84,86,87],

selenium [88-92], and tellurium [81,85,90] in crystalline silicon.

When doping is performed via thermal diffusion, the concentration is restricted to

the solubility limit at the annealing temperature; however, wdien ion implantation is followed 
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by nanosecond pulsed laser irradiation [93 96], the doping concentration can exceed the

solubility limit by several orders of magnitude through a process known as solute trapping

[97-99], This method has recently been used to create supersaturated concentrations of

sulfur in silicon [95], Recently, we created supersaturated concentrations of sulfur, selenium

and tellurium, respectively, by femtosecond laser irradiation of silicon coated with a powder

film [50], We have also doped silicon in this manner using a background gas of sulfur

hexaflouride (SFg) or hydrogen sulfide (H2S) [46,49], In these recent studies involving

nanosecond and femtosecond laser pulses, the supersaturated solution of chalcogen dopants

exhibits increased infrared absorptance [46,49,50,95], When femtosecond laser pulses are

used, the infrared absorptance is near unity out to 2500 nm [46,49,50],

The mechanism by which chalcogen-doped silicon absorbs infrared light is not

entirely understood. Two observations provide insight into how the dopant contributes to

the enhanced infrared absorption. First, the infrared absorption decreases after thermal

annealing, and this decrease becomes larger with increasing annealing temperature [46,49,

50, 95]. Second, for the same thermal anneal, the infrared absorption decreases a different

amount depending on the dopant [50], Sulfur-doped samples show the largest decrease

in infrared absorption, followed by selenium-doped samples and tellurium-doped samples,

respectively [50], Given that the bulk diffusivity of sulfur in silicon is roughly an order of

magnitude larger than selenium and several orders of magnitude larger than tellurium,1 the

xThis large variation in diffusivity is related to the diffusion path of each dopant [100], Fast diffusers in
silicon, such as copper and iron [100], are dissolved interstitially and diffuse interstitially without the need for
point defects in the lattice. Slow diffusers like the group III and V elements (boron and phosphorous [100])
are dissolved substitutionally and diffuse more slowly as substitutional diffusion relies on point defects such
as vacancies and self-interstitials. The diffusivity of sulfur is closer to that of iron, while the diffusivity of
tellurium is similar to the group III and V elements; selenium is in between. Research suggests that the
large difference in diffusivity between sulfur, selenium and tellurium is due to the percentage of diffusion
that occurs interstitially versus substitutionally [90]. Although, sulfur, selenium and tellurium dopants are
predicted to occupy substitutional sites [101-103], diffusion can occur interstitially through either the Frank-
Turnbull mechanism [104] (the substitutional dopant jumps into an interstitial site creating a vacancy) or the
kick-out mechanism [105] (a silicon self-interstial takes the place of the substitutional dopant which jumps
to an interstitial site).
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two experimental observations seem to indicate that the reduction of infrared absorptance

after annealing is related to diffusion of the dopant [50].

In this chapter, we further explore whether the deactivation of infrared absorption

is a diffusion process by determining the optical properties of supersaturated chalcogen-

doped silicon before and after numerous thermal vacuum anneals. The silicon is doped

by irradiation with femtsecond laser pulses in the presence of a background gas (for sulfur

doping) or coated with an evaporated film of the dopant (for selenium and tellurium doping).

Our analysis shows that thermal annealing reduces the infrared absorptance in a manner

that is consistent with diffusion of the dopant. In addition, the infrared absorption is

observed to decrease the same amount after a similar diffusion length for all three dopants.

Using diffusion theory, we show that a probable source of this characteristic diffusion length

is the grain size of the re-solidified surface layer.

4.3 Experimental setup

For all experiments, we used boron-doped Si (100) wafers (p = 1 — 20 Q-crn, dia. =

50 mm). Wafers wTere ultrasonically cleaned in methanol for 10 minutes. For sulfur doping,

the wafers were placed on a translation stage in a stainless steel vacuum chamber that was

evacuated to less than 1 x 10“2 Torr using a mechanical pump. The chamber wras filled

with 500 Torr of SFg. For selenium and tellurium doping, the wafers were first placed into a

resistive thermal evaporator that was evacuated to 1 x 10-6 Torr. A film thickness of 150 nm

was deposited for both selenium and tellurium using solid selenium (99.95%) and tellurium

(99.95%) pellets, respectively, in tungsten boat sources (for additional information on using

an evaporated film as the dopant source see Section 4.7.1). The coated wafers were loaded

into the stainless steel chamber, which was then evacuated to less than 1 x 10“2 Torr and 
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filled with 500 Torr of N2. Femtosecond laser ablation in a gas of near-atmospheric pressure

results in different hydrodynamics for melting and ablation than irradiation performed in

a vacuum [106]. In order to keep the hydrodynamics of doping the same for all samples,

we irradiated the selenium- and tellurium-coated samples in a background gas of N2 at the

same pressure as the samples irradiated in SFg.

We irradiated the wafers with a 1-kIIz train of 100-fs, 800-nm laser pulses with a

fluence of 8 kJ/m2 focused to a spot size of 150-//m full width half maximum, FWHM.

Fluence equals the pulse energy/area, where the area (radius that intensity is 1/e of the peak

value) is ifFWHM')2/(41n(2)). The wafer’s surface was perpendicular to the incident laser

and translated in the plane of the surface with a velocity of 1.5 mm/s; each area received

100 shots. A 33 mm x 33 mm area was irradiated on each wafer by translating 33 mm.

vertically, stepping 75/zm horizontally and repeating.

After irradiation, the wafers were removed and cut into 8 mm x 11 mm samples

for annealing in a thermal vacuum oven evacuated to less than 1 x 10-6 Torr. We evaluated

the optical properties of the samples before and after annealing by measuring the infrared

absorptance with a UV-VIS-NIR spectrophotometer equipped with an integrating sphere

detector. The diffuse and specular reflectance (J?) and transmittance (T) were measured

for the wavelength range of 0.9 2.5 //m, in 1-nm increments to determine the absorptance

( A ----- 1 — R — T") at each wavelength.

Initially, we performed twenty-five thermal vacuum anneals covering a matrix of

five temperatures (575 K, 675 K, 775 K, 875 K, 975 K) and five times (10 min, 30 min, 100

min, 6 hr, 24 hr) for each of the four types of samples: Si wafers irradiated in SFg (Type

I); Si wafers coated with selenium (Type II) or tellurium (Type III) and irradiated in N2;

and Si wafers irradiated in N2 (Type IV). To explore the high temperature behavior, the

four types of samples were annealed to temperatures between 975 K and 1175 K for 100 
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minutes. Lastly, as a control, an untreated Si wafer was annealed to 1175 K for 100 min.

4.4 Results

After irradiation, the surface of each sample is transformed from a flat, mirror-

finished, light gray wafer into a visibly matte black or dark gray surface. Closer inspection

with a scanning electron microscope reveals that the surface is covered with a forest of

micrometer-sized spikes. The formation of this surface morphology is a function of the laser

wavelength, fluence, and pulse duration, as well as the gas chemistry and pressure; the

mechanism, behind its formation has been well documented elsewdiere [42,43].

Figure 4.1 shows the infrared absorptance (0.9 2.5 gm) of each of the four types

of samples after laser irradiation compared to the absorptance of the initial silicon wafer.

The initial silicon wafer is largely transparent to wavelengths of light greater than 1.07 //m

due to the band gap energy of crystalline silicon (1.1 eV). The chalcogen-doped samples

exhibit near unity absorptance of infrared light and samples irradiated in N2 show some

infrared absorptance, which decreases with increasing wavelength.

Figure 4.1 also shows the infrared absorptance of the chalcogen-doped samples

after annealing at 775 K for the five lengths of time used in the annealing experiment. The

infrared absorptance of all three samples is reduced after annealing; this reduction increases

with annealing time. Sulfur-doped samples show the largest decrease in infrared absorp­

tance, followed by selenium-doped samples; the absorptance of tellurium-doped samples

changes the least.

Figure 4.2 displays the mean infrared absorptance (between 1.2-2.5 gm) after the

initial twenty-five anneals performed at 575-975 K for each of the four types of samples:

sulfur-doped (circles) selenium-doped (squares), tellurium-doped (triangles) and samples
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Figure 4.1: Left: Absorptance spectra for samples irradiated in the presence of sulfur
hexaflouride (solid red line), selenium (dashed blue line), tellurium (dotted green line), and
nitrogen gas (solid gray line) prior to thermal annealing. The absorptance of the untreated
silicon wafer is included for comparison. Right: Absorptance spectra for sulfur-, selenium-,
and tellurium-doped silicon after annealing to 775 K for increasing lengths of time (from
top to bottom: 10 min, 30 min, 100 min, 6 hr, 24 hr).
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Figure 4.2: Average absorptance from 1250-2500 nm for sulfur-doped (circles), selenium-
doped (squares), tellurium-doped (triangles) silicon and samples irradiated in NT2 (dia­
monds) after various thermal anneals at T < 975 K. A larger marker indicates a longer
anneal (from smallest to largest: 10 min, 30 min, 100 min, 6 hr, 24 hr).
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8

temperature (K)

Figure 4.3: Average absorptance from 1250 2500 nm for sulfur-doped (circles), selenium-
doped (squares), tellurium-doped (triangles) silicon and samples irradiated in Ne (dia­
monds) after thermal anneals at T > 875 K for 100 min. The infrared absorptance of an
unirradiated silicon wafer annealed to 1175 K for 100 minutes is also shown (open circle).

irradiated in N2 (diamonds). The size of the marker indicates the length of each anneal,

with the largest size equaling 24 hours and the smallest, 10 minutes. The results of the high

temperature annealing study are shown in Figure 4.3. Between 575 K and 875 K (Figure

4.2), the change in absorptance has the same trend for all three chalcogen-doped samples;

absorptance drops with increasing anneal temperature and at a given temperature, a longer

annealing time results in a further decrease in absorptance. At 875 K, the absorptance of

the sulfur-doped samples and the samples irradiated in N2 have been reduced to the infrared

absorptance of the original un-irradiated silicon substrate. Above 875 K (Figures 4.2 and

4.3), the change in absorptance of each sample has a different trend. The absorptance of

sulfur-doped samples and those irradiated in N2 begins to increase with increasing temper­

ature. The absorptance of selenium-doped samples stays relatively the same as the value

at 875 K and the absorptance of tellurium-doped samples continues to decrease.
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4.5 Discussion

Crystalline silicon is mostly transparent to wavelengths of light longer than 1.07 //m

due to its band gap. The absorptance of wavelengths of light shorter than 1 /rm depends

on the roughness of the silicon surface. Every sample [43, 46, 48, 49] that we irradiate

exhibits enhanced absorption of wavelengths of light shorter than 1 //m (see Figure 1). This

observation is also true of samples irradiatied in vacuum [43]; the enhanced absorption of

wavelengths of light in this region is caused by multiple reflections on the textured surface.

If irradiation is performed in the presence of certain dopants, such as sulfur, se­

lenium or tellurium, the absorptance of infrared light between 1.0-2.5 gm is enhanced to

near-unity (see Figure 4.1). However, this behavior is not observed for all dopants, such as

the samples irradiated in N2 gas (see Figure 4.1). The N2 samples exhibit a non-uniform

absorptance of infrared light, which decreases with increasing wavelength. This same trace

shape is seen when silicon is irradiated in many other gases [43,46,48,49] (H2, CI2, and

air) as well as when irradiation is performed in a vacuum [43]. Because they are all sim­

ilar to vacuum, we attribute this infrared absorptance to structural defects present in the

nanocrystalline grains and not doping of the silicon with species in the background gas.

In order to understand the mechanism, behind our samples’ near-unity infrared

absorptance (between 1.0-2.5 //m), we begin by reviewing what is knowm about their struc­

ture and composition. During irradiation of silicon with ultrashort laser pulses above the

ablation threshold [21] (3 kJ/m2) the top surface layer is ablated away and the next layer

below melts. This thin molten layer resolidifies extremely quickly due to its contact with

the cold bulk substrate. Cooling rates are estimated to be as high as IO10 K/s [22]. When

a gas or surface dopant is present during irradiation it will be atomized by the high in­

tensity of the ultra short laser pulse and mix with the molten silicon. Rutherford back 
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scattering measurements [46,49,50] show that these species are incorporated at a concen­

tration on the order of 1 atomic percent and that 20 -70% of the dopants are located on

substitutional lattice sites [46]. This concentration is orders of magnitude above the equi­

librium solubility limit and the dopants are therefore in a supersaturated solution [50]. The

high concentration of dissolved atoms become trapped in the lattice during the extremely

fast solidification in a process that is likely similar to the solute trapping that occurs after

pulsed laser irradiation of ion implanted semiconductors [96]. Cross-sectional transmission

electron microscopy reveals that the resolidified surface layer is an approximately 300-nm

thick polycrystalline layer with nanometer-sized grains (10 -50 nm) [46]. It is this surface

layer that contains the supersaturated concentration of dopants and is responsible for the

resulting optical properties.

We previously proposed that the broadband absorptance of infrared light is caused

by the high concentration of chalcogen dopants in the nanometer sized grains of the poly­

crystalline surface layer [46,49,50]. An equilibrium concentration of sulfur, selenium or

tellurium atoms each create deep level donors in the band gap of silicon [79,80]. A su­

persaturated concentration of chalcogen atoms creates a densely populated impurity band

around one or more of those deep levels. Below, we provide support for this mechanism, by

showing that the infrared absorptance decreases with annealing at the same rate that dis­

solved dopants diffuse out of the nanometer-sized grains to the grain boundaries. Diffusion

of the dopants out of the grains reduces the number of impurity levels in the band gap and

thus reduces the infrared absorption. Because the grains are on the order of nanometers in

size, thermal anneals that result in diffusion lengths on the order of nanometers are required

to decrease the absorptance. Below we show that this is the case for all three chalcogen

dopants.

It is also possible that precipitation of the dopant within the crystalline grains (in 

SIONYX1403000043.0041

SAMSUNG EX. 1002 - 684/4148



Chapter 4-' Mechanism of broadband infrared absorption in chalcogen-doped silicon 55

the form of clustering) could lead to deactivation of infrared absorption. This process will

also involve diffusion of the dopant on the order of nanometers through the crystalline grains.

With the current analysis, it will be difficult to distinguish whether clustering or diffusion

to the grain boundaries is responsible. Here, we offer that it is plausible that diffusion of

the dopants to the grain boundaries leads to deactivation of the infrared absorption.

For every thermal anneal, we can estimate the diffusion length, d, for each dopant

(sulfur, selenium and tellurium) using the equation d = x/lJt, where t is the annealing time;

D is the bulk diffusivity for each dopant in silicon given by D = Doexp(—Ea/(kT)); T is

the annealing temperature; k is the Boltzmann constant; and Do and E„ are temperature

independent constants obtained from the literature on the bulk diffusivity of sulfur, selenium.

and tellurium in silicon. For each anneal, the temperature and time is known; the diffusivity

of the dopant can be calculated using the temperature and a diffusion length can be obtained

for each anneal for sulfur, selenium and tellurium, respectively. Because diffusion length

incorporates both time and temperature, it describes the amount of thermal energy each

anneal imparts on the sample. For example, a very long low temperature anneal can impart

the same thermal energy as a very short higher temperature anneal.

Slightly different values for Do and Ea for each dopant have been reported in the

literature [81, 84-90, 90-92]. For our analysis, we chose diffusivity constants determined

from studies that used the lowest temperature range and a similar silicon substrate (see

Table I). For tellurium, the referenced study fit its data as the sum of two Arrhenius curves,

giving high temperature and low temperature values for Do and Ea; in that case we used

the low temperature values. Although the analysis below is carried out with one set of

diffusion constants for each dopant, all reported diffusivities give similar results and do not

change our conclusions.

In Figure 4.4, wre re-plot the infrared absorptance graphed in Figures 4.2 and 4.3;
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Figure 4.4: Normalized absorptance for sulfur-doped (circles), selenium-doped (squares),
and tellurium-doped (triangles) silicon after various thermal anneals versus diffusion length
of the respective dopant. The average infrared absorptance from Figures 4.2 and 4.3 has
been renormalized so that the maximum is the preannealed value and the minumum is the
infrared absorptance of the unirradiated silicon wafer (see Figure 4.1). The six solid curves
are plots of Equation 4.4 for sphere radii from left to right of 5 nm, 10 nm, 20 nm, 40 nm,
80 nm, and 160 nm.

however, now the data for sulfur-doped (circles), selenium-doped (squares) and tellurium-

doped (triangles) samples are plotted versus the diffusion lengths of sulfur, selenium and

tellurium atoms, respectively (these diffusion lengths are calculated using the constants in

Table I). In addition, the infrared absorptance is normalized so that the maximum value is

the preannealed infrared absorptance from Figure 4.1 and the minimum value is the infrared

absorptance of the unirradiated silicon wafer.

We can draw several conclusions from Figure 4.4. First, the data points—each rep­

resenting a different sample and a different anneal condition—form a continuous curve when

plotted versus the dopant’s diffusion length. Second, the infrared curve for each chalcogen-
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S [87] 0.92 2.2

Se [89] 2.47 2.84

Te [85] 0.048 3.04

Table 4.1: Diffusivity constants used to determine the diffusion length of each dopant after
a thermal anneal in order to create Figure 4.4.

doped sample decreases at diffusion lengths that are on the same order of magnitude as the

observed grain size of femtosecond laser irradiated silicon. Third, longer lower temperature

anneals which have roughly the same decrease in infrared absorptance as shorter higher

temperature anneals result in roughly the same diffusion length for each dopant (e.g., 24

hr at 575 K roughly equals 10 min at 675 K, 24 hr at 675 K roughly equals 10 min at 775

K, and 24 hr at 775 K roughly equals 10 min at 875 K, for all three dopants). Finally,

when the data is normalized to the diffusion length of each samples’ respective dopant, the

infrared absorptance decreases at the same rate for all three samples; in other words, there

appears to be a characteristic diffusion length associated with the deactivation of infrared

absorptance. These observations are strong evidence that the reduction of absorptance is a

diffusion related process.

4.5.1 Diffusion theory

If the decrease in infrared absorptance is caused by the diffusion of dopants out

of the crystalline grains, we can use diffusion theory to estimate how the concentration of

dopant atoms in the grains should decrease with thermal annealing and compare this to

our data. To start, we make the following assumptions: the crystalline grains are spherical

with a radius of Ro and an initial dopant concentration of Co spread uniformly throughout;

diffusion occurs radially out from the center; the grain boundaries are perfect sinks (i.e., 
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