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 cur standard processing
techniques or they underwent thermal anneal in a laboratory oven in an N; 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 applving a polymer underfill.

Two 16-clement detector arrays that were microstruciured are shown in Figure 1. The
etfect of the microstructuring 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 non-structured APDs 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 ouiput 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
setiing. Neutral density filters were used o reduce the laser power as necessary. Response 1o
radiation from 635 nm and 1060 nm laser diedes was 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 microstructuring, the
vhotocurrent generated from the detector was measured as a function of teraperature.  The
devices were 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 was incident upon the detectors.
As the detector slowly warmed (< 1 °C/minute) to room temperature, the unity-gain respouse 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 foliowing 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 am}. These results were fairly consistent for most
processing conditions,

Table 1 provides the values for the measured QEF at 1064 nm for several microstructured
APD arrays or APD 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 QF values at 1064 nm reached 40% or
higher with low 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/m” in an atmosphere of SF;. 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
siructured in atmospheres of SFq or H,S.” Higher fluences or more laser pulses did not lead to
higher QFEs 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 vield 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 vield 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 QF in the near-IR.

The amount of Hght 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 1660 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
~ 25G pm. The structured detector, on the other hand, had transmission ranging from 4 to 7%

SIONYX1403000036.0121

SAMSUNG EX. 1002 - 405/4148



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 S shows the response of a microstructured and unstructured APD to sub-ns laser
pulses at 532 and 1064 am. The output from the APD was terminated with 50-Chms 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 slighily
faster fall 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 QF as a function of temperature is expected because
the bandgap energy increases with decreasing temperature.’ The bandgap of silicon ranges from
112 eV {1120 nm) at 300 K 10 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 rernains 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 GF of 58% at 1064 nm. With usable gains of 400 to 500, this translates to a responsivity
of > 200 A/W. Equally important is the ability to integrate the microstructuring into a planar
processing sequence without requiring additional labor-intensive steps.

Microstructuring in atmospheres of SF¢ or HyS followed by thermal annealing produced
an improvement in QF for every APD detector tested. Previous observations showed that
irradiation of silicon with femtosecond laser pulses in a sulfur atmosphere resulted 1n a high
concentration of sulfur (~ 1 %) in the disordered surface layer.”” I is theorized that those
sulfur atoms play a critical roll providing a mechanism for absorption beyond the bandgap.”
However, based on the measurements at 1300 nm in this study, it is apparent that this IR
absorption does not produce a high detector responsivity, suggesting that recombination at the
surface hinders charge collection. The significant decrease in the QF 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 microsiruciuring alone produced a shight
advantage for the longer wavelength light due to surface scattering or photon trapping ncreasing
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 ansealing. This secondary mechanism appears to be related to the sulfur content and
annealing temperature.  As the sample is thermally anvealed, the charge collection increases
although previous studies have shown that the total absorption decreases.”’  Simple
reorganization of defect sites, reducing the trapping of electrons in the APD drift region is the
most likely mechanism. Another possibility 1s an n-#ype silicon layer which, research has shown
forms in the presence of a sulfur atmosphere during microtstructuring.”’ 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
fayer 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 Jarger maximurm gain at 1060 nm. Because the gain
dependence for the structured and unstructured APDs was 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 o 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 studtes 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 flow 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-fype layer formed following the structuring.
Hvidently, thermal annealing creates additional charge carriers near the depletion region, which
are collecied, resulting in improved QF in the near-IR.

5. Conclusion

Microstructuring of the surface layer of an APD with a femtosecond laser in an
atmosphere of 8F; has been shown 1o increase ifs responsivity in the near-IR to over 200 A/W 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 QE at wavelengths below 900 nm may be alleviated
with 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 APD arrays prior to packaging. Structuring was
performed with an 800 nm {5 laser operating at a fluence of 3.5 kJ/m” in an atrosphere of SF;,
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
microstractured. 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.

Figore 3. QF 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 o and (b) 1064 nm. The response of the struciured APD was nearly identical to the
unstructured detector at all tested bias setting. No amplification electronics were used in this
mcasurenient.

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 ki/m” in an atmosphere of SFy,
The array oun the right had four different structured regions, with pulse number ranging from 0 to
300. The shiny area is the bare silicon.
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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.
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Figure 3. QE wvs. 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 imoproved 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-us pulse of radiation at
{a} 832 nm and {(b) 1064 nim. 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.
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Figure 6. APD signal strength due to 1060 am illumination as a function of temperature. The

unity gain signal {200 V bias) was recorded as the detector warmed from ~ 100 K.

microstructured and unstructured detectors had a similar dependence.
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Tables

Table 1. Effect of processing conditions on the QF at 1064 sm
APFD Laser Laser Gas  QFEbefore  Anncaling temp QF after Signal Ratio

Sample pulses fluence annealing {°Ci/time (hrs)  annealing after/before
(k3/m*y % at 1064 (% at 1064 annealing
1) fim)
1 0 0 SF¢ 25 900/4 25 1
2 260 5 SFs 15 400/2 34 23
3 260 5 5F 18 400/5 36 2.0
4 10 35 SF, 28 400/2 41 1.5
5 160 3s SFy 19 400/2 38 2.0
& 260 35 5F 21 400/2 38 1.8
7 400 353 SF 25 400/2 41 16
8 400 35 H,S 27 400/3 42 1.6
9 260 35 Air 29 400/2 34 1.2
10 260 35 N 37 400/2 40 1.2
11 100 35 SFs NA 830/1% 48 NA
12 100 35 SFs NA 900/1* 58 NA
13 160 3.5 SFe NA 950/1* 54 NA

* A p'-dopant was applied to the surface before annealing.
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intrinsic gettering in oxygen-free silicon
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We found that a three-step high-temperature annealing leads to intrinsic gettering in oxygen-lean
Czochralski silicon grown in 2 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
process, and we propose 2 phenomenclogical explanation involving cutdiffusion and
precipitation of sificon interstitials rather than oxygen which is involved in the standard intrinsic

gettering,

Thermal anpealing leading to intringic 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.! Such gettering can be effectively realized by
three-step annealing of Czochralski (CZ) grown 8 contain-
ing interstitial oxygen at a concentration of about 10%
om ™37 It is generally believed that the first high-tempera-
ture { ~ F 1001200 °C} step {referred to as “denuding”) leads
to ontdiffusion 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 metaliic
contaminants from the denuded zone, is atiributed 1o the
gettering of oxygen precipitates. Thus, acoording to current
modes, intringic gettering s intimately related to the pres-
ence of oxygen and the efficiency of the process {o the con-
centration of oxygen.” The oxygen concentration must be
high encugh 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 81
containing interstitial oxygen at a concentration ranging
from 0.8 to LEX 10 em ™. In 8i crystals grown by the float
zone {FZ) method the oxygen concentration is about three
orders of magnitude Jower {10 cm™?) than in CZ Si. This
concentration is well below the oxygen solubility mit in 51
even at the lowest temperature (700 °C) used in three-step
annealing.” It is thus apparent that oxygen precipitation and
related intrinsic gettering cannot take place in FZ 8,

Surprisingly, we found that three-step annealing of FZ
Si wafers does lead to very effective intrinsic gettering. In
this work we present experireental characteristics of the new
intrinsic gettering process, and we discuss a possible mecha-
nism involving outdiffusion and precipitation of i interst-
tials. In a comparative study of the effects of thermal anneal-
ing we bave used thres types of commercially grown
distocation-frae 8t crystals: {1} standard CZ Si containing
interstitial oxygen at concentration {07 of abour 1x 0%
cm™? and substitutional catbon at concentration [C] of
about 1 10' em™? {determined by infrared spectroscopy
employing the standards of Ref. 5}, (2} CZ S grown in a

[C1S5x10Y em™?, and (3) swirldree FZ S with
1018118 em™?, ie, virtually “oxygen free” and
[C]E 8 X 10Y om %, We have studied both #-type and g-type
crystals doped with P or B, respectively, at concentrations
ranging from 8 10" 10 2 10" cm™7; no meaningfl dif-

ferences were observed between the behavior of n-type and g-
type crystals, and no further reference to the conductivity
type will be made,

The samples were subjected to three-step annesling in
the following order: 1170°C for 6 h, 700°C for 20 b, and
1000 °C for 6 h. Four typical annealing ambients were used:
chemically inert (N, and Ar} and oxidizing {3, and O, 4 2%
HC) which inject 81 interstitials and Si vacancies, respective-
ly. Annealed samples were beveled at 4° angle and etched
with the commonly used Sececo or Wright etchants in order
to reveal the distribution of defects. Typical resulis obtained
using the chemically inert N, ambient are presented in Figs.
1 and 2. Photomicrographs of beveled surfaces axe shown in
Figs. Ha), bl and 1o} for CZ 8, MCZ 8, and FZ 8, respec-
tively. Very similar features are observed, i.c., 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 lifstime
changes associated with gettering of metallic impurities we
have carried out electron beam induced current {(EBIC) mea-
surements on the annealed samples. Schottky barriers were
formed on the beveled surfaces by evaporation of ¥i for p-
type samples. Evaporated £d briefly annealed 21 2 Jow tem-
perature to form a stabilizing layer of Pd,8i was used for -
type Si. In EBIC messurements the beveled area was
scanmed by an electron beam normal to the Schottky barrier
{ke., 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{¢] for CZ 8i, MCZ 8, and FZ 8i, respectively. Dark
regions al the EBIC image and low current values in the
EBIC scan correspond to the short lifetime of minority carri-
ers, 1.2, the high concentration of recombination centers;
white regions and large current correspond to long lifetime,
i, to 2 low concentration of recombination centers. I 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 deneded zones the current rapidly decreases
{tvy 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

73 Apph. Phys. Letl. 46 (7), 1 Apri 1988 O003-6851 /85707067 3-08801.0¢ © 1385 American instituta of Physics 8§73
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Depth {microns)

FIG. 1. Denuded 2ones and corresponding distribution of defects in Si crys-
ials subjected 1o three-step ling in chemically inert N, ambi

from the surface region and thus the defect distribution of
Fig. 1is not identical with the EBIC current profiles of Fig.
2. We have found that denuded zones are formed in all §1
samples during the first annealing step (1170 °C). This an-
nealing produced only minor changes in the lifetime. Signifi.
cant lifetimes snhancement 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, 74, 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 siticon 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 Sithe
native defects {i.e,, $i interstitials or 8§ vacancies) must be
involved rather than oxygen impurities.

According to current models, the denuded zone in oxy-
gen-rich CZ 8t is formed as 2 resuit of oxygen outdiffusion
toward the surface. The effects of oxidizing and inert am-
bients on the efficiency of intrinsic gettering, suramarized in
Table 1L, are consistent with this point of view. Thus, for C2Z

TABLE 1, Effects of annealing on the generation liferime rg.

EBIC Imoge EBIC Seon

CZ-5i
bty t Lids dout
@ 40 20 O 80 40 20 ©
Depth {grn) Surloce Depth {zm) Surfooe

K

MCZ-Si
i bt bl l%
80 60 a0 20 0
Cepth {um) Sucfore Jepif{y

FZ-Si

P ...:....L..;,..? agumndornok L
6C 40 200 &0 40 20 O
Degthlpm]  Swlsce Depthipm)  Swioe

FIG. 2. Mincrity-carsier lifetime distribuion in 8t crystals subjected 0
three-sfep annealing in N, ambient. White region and high current observed
within denuded 20nes beneath surfaces correspond w Jong lifetimes.

81 po significant differences were seen betwesn O, and
O, + HC ambients; very efficient geitering took place in
both cases. The beneficial effects of cxidizing ambients as
cormparad with those of inert ambients could be assoctated
with an enhancement of oxygen ouidiffusion by injected de-
fects, as suggested in Refl 6.

In FZ 8i the effect of O, is significantly different than
that of O, -+ HCL As seen in Table 1E, escellent getitering is
vealized in the O, -+ HCl ambient which leads to injection of
vancancies. On the other hand, the process is hindered by
injection of 5i interstitials during annealing in 0,77 Ac-
cordingly, we speculate that the Si interstitials are the outdif-
fusing defects in oxygen-free 81, This cusdifusion 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 O, ambient and excellent denuding in an

Cxygen coneentration Lifetime 75 {us)
Sample O, Hem™% As grown &k at  1130°C plus  20h at  FOO'C  plus 6h B H00C
Fd Jid B i d B o
CZ 10 107 4¢ b 106 30 380 i3 10
MCZ O LSx T 70 ] 210 40 750 35 920

FZ [ RO [viad jity] He 480 0 Hev s i35 1950
*In the bulk,
®Within the denuded zone.
874 Apph, Phys, Latt., Vol 46, No. 7, 1 Aprll 1885 WNauka of 8/ &74
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TABLE 1§ Efects of ambient on the denuded zone formation snd the efficiency of instrinsic pettering.

Armbicnt used during high-t ture {1170 °C annealing® j
Oxidizieg Inert
o, 0, + HCL M, A
CZ8i Denuded zone® very good very good good good
{Cerich) Intrinsic
gettering very good very good good gond
~ 1 ~ 13 ~85 ~ &3
FL & Dienuded zone® very bad excelient good good
{O-frae} Intrinsic
gettering very bad eacellent good good
K ~15 ~ 100 ~ 5 ~ 70

*Subsequent annealing steps were carried out in Ar ambient.

b uglicy judged by the width and the concentration of deferts revealed by Secen etchant.
€& is the efficiency of the process sssessed by the ratio of fifetite, v, in the denuded zone and in the bulk,

3, + HCl ambient. Rough cstimates show that the widihs of
the denuded zones are comparable to the diffusion length
expected for 8i interstitials. (Diffusivity of Si interstitials at
1200 °C is about 2.5 X 1077 em®/5.'%)

The subsequent phases of intrinsic gettering in oxygen-
free silicon, i.¢., nucleation and precipitation in the bulk, can
be explained in terms of precipitation of interstitials into dis-
location foops. These extended defects can generate ocal-
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 {0 prevent condensation of interstitials
into swir} defects.™?

In summary, we have shown for the first time that the
formation of & 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 O, -+ HC as the ambient during anneal-
ing. A tentative explanation of these Gndings involved out-
diffusion and precipitation of 5i interstitials.

Cuantitative modeling of the process and transmission

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

The authors ave gratefud to the Semiconductor Re-
search Corporation for financial support.
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Nonparabolic subband structure of Gag s, 11,55 AS-INP guantum wells

Syoli Yamada, Akihito Taguchi, and Akira Sugimura
Musashing Electrival Communication Laboratories, Nippon Telephone and Telegraph Public Corporation,

3871, Midoricho, Musashino-shi, Tokyo 180, Japan

{Received 29 Cotober 1984; accepted for publication 27 December 1984)

Nonparabolic subband structure of GalnAs-InP quantum welis 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 photeluminescence energies for wide quaniurm
wells are reasonably explained by the present theory. The sxperimental photoluminescence
energies, for the well widih less than 50 A, differ significantly from the caloulated results,

Superiattices or heterojunctions have been recently at-
tracting considerable attention bocause of thetr unigue possi-
bilities applicable for novel optical and electrical devices.
The Gaas-GaAlAs' system has been very widely studied so
far both theoretically and experimentally. An alternative
sysiem composed of GalnAs-InP has also been found to
have good properties suitable for very fast devices, using fab-

875 Appl, Phys. Lett. 46 (7}, 1 April 1885

0003-5951/85/070675-03801.00

rication technologies such as low-pressure metalorganic
chemical vapor deposition™ or chloride transport vapor
phase epitaxy.® Quantitative understanding about the band
structure of this material, however, i5 not sufficient. The
theoretical analysis of superlattice band structare has been
advanced by many authors.™” Bastard” has successfully cal-
cutated the subband structures of Gads-Gadlds and InAs-

& 1985 American institute of Physics 678
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Mew Intrinsic gettering process in silicon based on Interactions of

silicon interstitials

¥. Nauka,® J. Lagowski, H. C. Gatos, and 0. Usda®
Massachusetss fnstitute of Technology, Cambridge, Massachuserts 02139 R

{Received 13 January 1986; acoepted for publication 14 March 1986)

A new intrinsic gettering process was found in siBeon crystals subjected to a three-step annealing
sequence, The process involves native point defects {silicon interstitials) rather then residual
oxygen imapurity, and thus it can be realized in crystals with low or virtually zero caygen
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 sihcon interstitials. The identity of the intrinsic gettering centers was pursved by

transmission elsctron microseopy.

L INTRODUCTION

There bas been considerable interest in recent years in
defect gettering processes.| YLSI technology reguires silicon
material of a quality not commanly attainable by the present
crystal growth technigues. In addition, defects introduced
during device processing must be confined to regions away
from the device active area. Intrinsic gettering has been de-
veloped® for effective defect control compatible with VLSI
processing sequences. It s commonly achieved by a three-
step annealing® (high-, Jow-, and medium-temperature se-
guence} employing silicon crystals grown by the Croch-
raleld method (CZ-81), which contzin a high concentration
of interstitial oxygen (about 10*® em™?), During the high-
temperatare annealing step, interstitial oxygen cut-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 recently® on an intrinsdc gettering process
based on silicon self-interstitials rather than oxygen. This
process was discovered in sihicon erystals with low oxygen
content {(Czochralskd silicon grown in 2 magnetic field,
MLZ-813, and also in virtually oxygen-free silicon grown by
the float-zone technigue (FZ-5i).

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

i EXPERIMENT

Three types of commercially grown, dislocation-free, 8i
crystals were exaployed: (1) 3- or 4-in.-diam commercially
grown, dislocation-free, 8i crystals containing about 1.0~
LI3X 10" em™? of the interstitial oxygen [O,1; (2) 2-in.-
diam MCEZ-8i (grown in magnetic field) with [, | of about

-5 3

=) Present address; Hewlet-Packard Laboratories, 1501 Page Mill Rd.,
Palo Ahe, California.
¥ O Ieave from Fujitsu Laboratories, Lid., Atsugi, Japan,

110" cm % and (3) virtually oxygen-free 2-in.-diam FZ-
Si. The carbon concentration in these crystals ranged from
53 10Y 10 10 10° e, Experiments were carried out
with both 7 (P-doped) and p (B-doped) crystale with a do-
pant concentration ranging from 10" o 10" em ™3 No
meaningful differences were observed between the dopants;
no further reference to the conductivity type will be made.
For some experiments, FZ-8i doped with nitrogen at a con-
centration of about 10" cm ™ * 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.® It was found that most of the crys-
tals contained residual impurities, however, at low concen-
tration, not excesding 10' om ™2,

The saraples were subjected to a three-step annealing,
L, 10 1170°C for 6 b, then to 700 °C for 20 b, and finally to
1000 °C for 6 . In standard intrinsic gettering these anneal-
ing steps correspond to ovt-diffusion, nucleation, and
growth of the bulk gettering centers, respectively.” Various
ambients were employed during the first, high-temperature
annealing step: dry O, G, + HCL Ny, Ar, and also dry O,
followed by N, or N; followed by O, (0,/M,, Npy/Gy). In
some experiments a protective film of 510, {(PYROX
LPCVD Sid,) was deposited on the samples. The second
and third annealing steps were always carried ot in an N,
ambient.

The defect distbution was revealed by preferential
etching.® Annealed samples were beveled at 3 4° angle and
etched with the commonly used Secoo 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 technique® or by measur-
ing p—» junction recovery,'® or photoconductivity deca@V
Al three techniques yielded similar values of the carrier life-
time. Devices {MOS or p—n junctions) used for ifetire 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 carriad on Al Schottky barriers formed

€18 J. Appl, Phys, 80 (2), 15 July 1986 DO21-8879/86/1406815-07802.40 ® 1986 American Institute of Physics 615
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FIG. 1. Sample configuration employed for EBIC measurements.

on the beveled surface on the saraples (Fig. 1) previously
subjected to three-step annealing. The current signal collect-
od between Al and the back contact to the sample was re-
corded versus electron beam position on the beveled surface.

L RESULTS

Figure 2 shows beveled and preferentially etched sur-
faces of CZ-8, MCZ-8i, and FZ-8; which were previously
subjected to three-step annealing carried out entirely in an
N, 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 EBIC Seon

CZ-5t

.,,.L.;,L...L.LA...J.._.A....T
€ 40 20 ©
Depthipm) Surface

€0
Depin{pem} Surface

FZ-5i

S

odomnsdosohnd b, dosd
&5 40 20 O 60 40 20 0

Depth{zm) Surface Oepthium) Swrfoce

VU N VS O S W

FIG, 2. Preferentially eiched cross section of CZ2-8i, MCZ-$i, and FZ-8i
after three-step anncaling.

616 J. Appl. Phys., Vol. 60, N, 2, 15 July 19686

S

)i i i i 5 ) §) L i
sutore 10 20 30 40 50 60 70 80 90
Depih {micrans)

FIG. 3. EBIC signal measured in CZ-5, MCZ-8i, and FZ-8i after three-step
annealing. White regions and high EBIC signalin denuded zone sorrespond
o Iong lifetime. Dark regions and low EBIC signal represent low lifetime
vaiues.

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 sinall lifetine values, while the white regions (regions
of the large EBIC signal ) represent farge values. The lifetime
values measured in these regions are given in Table I Bt is
evident from the above results that intrinsic gettering was
achieved in all three types of 8i 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 lifctime
were observed. The subsequent lower-temperature sieps
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 I
and 115

Comparison of data in Fig. 2 and Tables I and I shows
that although the lifetime increase in the defect-frec region is
similar for all theee types of samples, the defect patterns are
different. Thus, the thickness of the defect-free region in CZ-
Siis 2.5-3 times smaller than the one found in MCZ-8i and
FZ-Si. Also, the bulk defect density in CZ-8i is about four
orders of magnitude higher than in the crystals with low
{MCZ-81) or virtually zero (FZ-81) 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-3i annealed: (A} in dry Oy, and (B) in O, + HCL
Pronounced denoded zones and similar defect patterns were
obtained in both ambients. Figure 5 presents a preferentiafly

Nawuka o &/, 818
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TABLE £ Minovity carrier lifetime values in as-grown and sunealed Stowafers.

Lifetimme {ge5)

As-grown Annealed
Surface Rulk

Messuring .
technique [orA MCZ ¥Z CZ MCZ FZ CZ MCZ FZ
27 junction

recovery 35 58 90 1230 870 983 5 o) 0
MOS capacitor

transient 20 7% §i0 1180 G20 IS0 § 35 i3
Photoconduc

tivity decay 25 30 113 1250 850 1010 8 10 5

stched cross section of the FZ-8i annealed {A) indry O, and
{B} in O, + HCL The behavior of MCZ-8i was very similar
o that of FZ-81. It is apparent that MCZ-Sit and FZ-Si be-
have differently in oxidizing ambients than CZ-8i. Lifetime
measurements showed that in FZ-8i the lifetime increase in
the defect region took place in the case of &, -+ HCI, while
no significant ifetitne increase was observed in the dry O,
ambient. It can be thus concluded that dry O, ambient sup-
pressed the intrinsic gettering process in oxygen-free silicon
crystals, On the other hand, annealing in O, + HCl ambient
produced a well-defined denuded zone characterized by
high values of Efetime in both oxygen-~fres FZ-5i and in oxy-
gen-rich CZ-8i

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. Itis seen that the best
results, Le., the widest denuded zone and the lowest density
of surface defects is obtained in an O, -+ HCI ambiens, The
largest differences between CZ.8i and ¥Z-5i in denuded
2one widths were found after annealing in O, while the lar-
gest difference in surface defect density was observed in an
N, ambient. The results of Figs. 6 and 7 indicate an interest-
ing mverse relationship between denuded zone formation
and surface defect concentration. The ambient which leads
10 the formation of a wide denuded zone simultancously
yields a high-quality surface with a low defect concentration.

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

TABLE I1 Bulk defocts conceniration in 8i following sach step.

Bulk etch pit concentration (em™?)

afier annesling

ployed during the high-temperature anncaling step. None of
the cross sections shown in Fig. 8 reveals the characteristic
pattern consisting of 2 denuded zone and bulk defects. Fur-
thermore, the Hfetime measurements digd not reveal any life-
time exhancement in the vicinity of the surface. It was thus
concloded that the presence of the nitrogen dopant sup-
pressed the ability to achievs intrinsic gettering in float-zone
sificon,

1V, DISCUSSION: KINETIC MODEL OF INTRINSIC
GETTERING

An overall intrinsic gettering process involves two dis-
tinct stages: (1} the formation of defect complenes in the
bulk together with the formation of a denaded zone {defect
free) in the vicinity of the surface; and (2} the getiering 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-
trofling intrinsic gettering [l.e., the difference, AL, between
the actual concentration of the defects C(x,#} and the equi-
librium concentration C, at a2 given temperaturel. In gen-
eral, a certain critical defect supersaturation AC,, may be
required to initiate the precipitation. In the present treat-
ment, we consider the simplest case of AC,, = 0. At tempera-
ture high enough 1o ensure fast defect diffusion, the condi-
tion AC > O {lattice supersaturated with defects) can lead to
precipitation of defects or 1o 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 11 Minority-carrier lifetime in 8 following each annealing step.

Generation lifetime{us)
after annealing

After fststep  After 2nd step  After 3rd step

In as-grown In as-grown
Crystal state After Iststep  After 2nd step  After 3rd step Crysial state Bulk Susrface Bulk Surface Bulk Surface
CZ-5 4] 174 1 {3~5)X10" (3-5)x10™ C2-8i 25 76 Hi 20 980 10 1100
MCZ-5i [ $X 10 52 306 £ 307 MOZS 75 0 210 25 850 35 920
FZ-8i i 410 {2-3) X uy’ IXH FZ-5i 1o 100 280 1S 000 15 1050
§17 J. Appl. Phys., Vol. 60, No. 2, 15 July 1886 Nauka gf al. g17

Downloaded 26 May 2009 to 146.188.238.7. Redistribution subject to AP license or copyright; see hittpdijap.aip.orgfiap/copyrightjsp

SIONYX1403000036.0136

SAMSUNG EX. 1002 - 420/4148


http://jap.aip.org/jap/ccpyright.jsp

CZ-5i {dry 02}

CZ-5i (0 +HCL)
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i
Surface Ly} 20 30 a0
Depth{microns)

FIG. 4. Preferentially etched cross section of CZ-5i after three-step anneal-
ing with the high-temperature step carried out in dry Oy, and in O, + HTY,
respectively.

For a denuded zone to form, AC must be negative in the
region heneath the surface. On the other hand, AC should be
positive in the bulk in order to achieve bulk complexes. A
defect concentration profile satisfving 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
siicon surface {or interface): this process is controlled by
the annealing ambient; (2) out-diffusion (or in-diffasion) of
defects from {toward) the bulk; {3} dissobution of precipi-
tates in the vicinity of the surface; (4) formation of precipi-
tates in the bulk,

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

{a} Dry O, ambient present during high-temperature
annealing inkibits the formation of a denuded zone in FZ-Si
{and also in MCZ-8i). Dry oxidation is believed io cause
injection of Si interstitials'? thus preventing surface region
depletion required for the denuded zone.

FZ-5i {0+ HCH)

o

L { ; ) : ] i
20 20 40 &80 60 Y0 80
Depth {microns )

Surfoce 10

FI13. 5. Preferentialiy etched cross section of FZ-8i subjectzd to three-step
annealing with the fivst, high-temperature step carvied out in O, + HCl snd
in dry O, respectively.

818 J. Appd. Phys., Vol, 60, Mo. 2, 15 July 1988
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FIG. 6. Denunded zone width, surface defect density, and ssabient in the case
of CZ-8&.

(b} O, + HCI embient results in excellent surface re-
gion denuding s FZ-8i; this ambient is believed to cause
extraction of 8 interstitials {or injestion of $i vacancies)®
which is required for dennding.

{c) As seen in the accompanying paper.” the gettering
centers in oxygen-free 81 were found to involve siicon inter-
stitials {interstitial type of dislocation loops and silicide pre-
cipitates }. Qur kinetic model is thus based on silicon intersti-
tials and, unless otherwise stated, C{x,#) will denote the
concentration of silicon interstitials in the treatment that
follows,

As pointed out above, the intrinsic gettering process is
finadized when “Hfetime killing” metallic impurities are re-
moved from the denuded zone and form complexes with the
iramobile bulk gettering centers. Employing electron mi-
croscopy and dispersive zeray speciroscopy studies, dis-
cussed in the accompanying paper,” “butterfly”-shaped in-
trinsic gettering centers were identified in FZ-Si consisting
of interstitial-type dislocation loops (0.1-0.7 um in diame-
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FIG. 7. Denuded zone widih, surface defocs density, and ambient in the case
of FZ~8i.
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FIG. 8 Preferentially etched cross section of nitrogen-doped F2-8i aftar
three-step annealing. The 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, Lo, where
the fattice 35 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 eguation containing diffusion
D(3*C /9x*y and precipitation (3C /30)p terms:

% p ﬁi":’i) (E‘E{

dr Va) Na S
where D is the diffusivity of silicon interstitials. In treating
the precipifation term {JC /31)p we consider two models

presented in Refs. 14 and 15, respectively. The model of Ref.

(1)

Interfoce
X=0

0re

Defect concentration
3
<@

O3
w

Distarce ?aom é‘m m’fer?me {x}

FIG. 9. Defect concantration profile i intrinsic getteving.

818 A Appl, Phys., Vol. 60, Mo, 2, 15 July 1988
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FEG. 10, Schematic representation of kinetic processes occurring in surface
region when §i wafer js subjected to high-temperature annealing.

14 describes the capture of diffusing species by precipitates
present at constant density. The excess defect concentration
C = Oy — {, decays exponentially with a time constant 7
According to this model

(;‘3?- = e (O — O exp(mf«), (2)
gt s 7

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

(G- -5 - 3
¢ 7 CYiet? ’

where C, 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-
tribacted aniformly in the wafer and that their concentration
is €, (after Refs. 16 and 17, we assume C, = 10' cm ™).
The equilibrivm concentration of interstitials at 1170°C,
Ty = 10" cm ™7 is adopted aﬁier Ref. 16. The diffusivity of
sificon interstitials 22 = 2% 107° cm®/s at 1170°C is saken
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(0) = C,. In
an (O, + HCI ambient extraction of interstitials takes place
viz injection of silicon vacancies; we thus approximate this
process assuming C, £C,. On the other hand, annealing in
dry O, causes injection of silicon intersiitials,. We assume
after Refs. 18 and 19 that the corresponding C, valuejs shout
5X10" em ™, Le, it is larger than €,

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 Egs. {1) and (2} or
Egs. (1) and (3} can be approximated by a siraple diffusion
term

Clx,t) =4 eff2DT ) + B erfo(x /D7), {4}

where 4 and # are constants determined by values of €, and
.

As pointed out above, the concentration profile Clx)
as given by Eq. {4} docs not include complexing of defects
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FIG. 11 Theoretical profils of i interstitial concentration vs depthin FZ-8)
annealed in varions oxidizing ambients.

into precipitates. However, precipitation will oot 1ake place
in the surface region depleted with defects, but it will occur
in the bulk where C(x,2) exceeds T, Accordingly, we can
estimate the denuded zone width as the value of x corre-
sponding 1o AC =0 {see Fig. 9).

The profiles of the interstitials shown in Fig. 11 were
caleulated for annealing in O, + HCl and in dry O, taking
C>0 and €, = 53 10" om ™3, respectively. It is seen that
conditions corresponding o an O, + HC! ambisnt yield
C <y in & region extending about 90 pm beneath the sur-
face. For dry O, the concentration of intersiitials exceeds
in the entire volume of the saraple. Accordingly, precipitates
wifl be formed in the entire sample, and a denuded zone will
not be formed. It can be seen that there is 2 good agreement
between the caleulated defect profiles of Fig. 11 and the
depth profiles of the cich pit density (EFD) of FZ-8i an-
nealed in dry O, and in O, + HCl ambients shown in Fig, 12
{Figure 11 must also be compared with Fig. 5.3 For the
O, + HCI ambient the EDP is essentially zero within about
100 pan from the surface. On the other hand, high EPD is
generated throughout the saraple upon annealing of FZ-8iin
dry O,.

The present kinetic model was also applied to standard
C2Z-51 with high oxygen interstitial content. Equations (1)~
{4} were used to caloulate the concentration profife of inter-
stitial oxygen employing the following parameters™: diffusi-

&
&

H s T [ IR i ) g L]
B Oy
@ Oy +HC
®
?ﬁsﬂﬂsmﬁﬁ @

=]
W

PBofupetameit

b PRIt Densily {em™®
S
N
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|

21

o] 40 80 120 80 200
Depth {mm)

FIG. 12. Experimental data showing etch pit density vs depth profile in F2-
S annealed in various sxidizing ambients.
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vity of oxygen at 1170°C, D = 8 107% cm®/s; indtial oxy-
gen concentration, €)= 1.5x 10" ocm™?% equilibdium
oxygen concentration at 1170°C, Cp = T X 16" em ™% it was
assumed that an effective exiraction of oxygen takes place at
the interface, ie, C,€C,. The calculated defect profile is
shown in Fig. 13; the denuded zone width of about 30 um
agrees well with the typical width of the defect-free zone in
CE-8i (see Fig. 3).

The above results demonstrate the feasibility of predies-
ing the denuded zone width in 2 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 inferface. In
turn, this condition depends on the ambient employed. The
discussed cases of dry (3, and O, + HC! ambients during
annealing of FZ-8i 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. § and 6.

The intrinsic gettering process discussed above depends
in a critical way on the initial concentration of defects .
The exact relationship between the concentration of intersti-
tials and the crystal growth parameters is not sufficiently
understood. The guantitative conirol of € is thus 2 very
difficult task. It can be, however, expected that comumerical
¥Z-8icrystals grown under fast growth rate conditions (fast
growth eliminates swirl defect formation) contain a rather
large number of native point defects, and particularly siticon
interstitials.?’** According to the present model, intxinsic
gettering in oxygen-free 8i 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-8i doped with nitrogen {see Fig. 8)
is not understood at present. One can specuiate that such
behavior originates in a lower concentration of “as-grown”
silicon interstitials, or in different heterogencous, nitrogen-
related precipitation mechanisms,

1018

DZ=30um

e >

Concentration of oxygen {em™3)

iof*@ A FISNNS AU SN NUUNUE WO, SR
o 20 40 €0 80 00

Distance from the interfuce {um}

FIG. 13, Theoretical profile of oxygen interstitial concentration vs depth in
CZ-5i subsjected to three-step annealing.
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Y. SUMMARY

We present basic experimental characieristics of a new
intrinsic gettering process which can be realized in 8i crys-
tals with virtually zero oxygen concentration. The process is
driven by diffusion and precipitation of silicon interstitials.
This new intrinsic gettering process involves 8i interstitials
and is markedly different from the standard oxygen-related
gettering in CZ-3i. The new gettering mechanism depends
critically on the surface reactions during high-temperature
annealing, which can be effectively controlied by the am-
biext. The selection of the proper arnbient assures effective
intrinsic gettering, formation of a wide denuded zone, and a
Iow density of surface defects.

A simple theoretical model describing the kinetics of the
process is proposed. It is demonstrated that this model,
based on 2 one-dimensional diffusion equation, aceounts 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 ntrinsic gettering centers in
FZ-81as “butterfly”-shaped defects consisting of interstitial-
type dislocation loops and microprecipitates containing
metal silicides. These fndings are discussed in the accompa-
nying paper.
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APPENDIX

in order o demonstrate that out-diffusion i the domi-
nant kinstic process controlling the defect distribution, one
must solve Eq. (1) with a realistically defined term (8C/
anp. In the course of the study two different models describ-
ing (JC /31)p were employed:
Model A%

( ac

\ g7
where C; and C are constants describing initial defect con-
centration [ == C{x, = 03] and equilibrivm defect con-
centration, respectively. 7 is a time constant of the precipita-
tion process.

= e (D e Gy exp(«:-—{}, (A1)
T/

Model B!
/ A 2

where €, i3 a constant which depends on diffusion coeffi-
cient, initial and equilibrium defect concentration, precipi-
tate radii, and their density.
Equation (1) was solved for the boundary conditions:
Clx,t == Q) = € = const,
Cix = 0,4) = C, = const. (A3)
The following solutions were obtained:
For the case A:

C{xd) =4, + A, + 45,

821 J. Appt. Phys., Vol 80, No. 2, 15 July 1886

Ay = (20, — Cyyerfe(x2/Dr),
Ay = (G — Chlexpl{ — 1 /7,
Ay = Rel (T, — Cp)/ 2lexp( — 1 /1)

(A%}

X {expl ~ /DT Y Jerfe(x /2B — ixfDr)
+ exp{ix I yerfe(x/Dr ).

For the case B:
C{x,g) =B, + B, + B,
By = Cy — 3/2{2C,/3)* % exfe(x2/Dr 3,

By == 3/2{20,/3)7% 02, (AS5)

However, for the realistic boundary conditions such as
{1} anncaling time § b, annsaling temperature 1170 "cm,
{2} precipitate size less than 1 um, (3) € of the order of
010" em ™3, (43 C, ~ 1072 G, (5) diffusion coefficient
D> 107 e T s, the following relationship holds:
A B >8,54, 8B,

Terms 4, and B, describe pure out-diffusion.
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Semiconductor laser crystallization of a-Si:H

B. K. Nayak, I. McLeskey. A. Selvan, B. Eaton and M. C. Gupta®
Applied Research Center, Old Dominion University, Newport News, Virginia 23606
R. Romero and G. Ganguly, BP Solar, Toano, Virginia 23168

ABSTRACT

Results of semiconductor laser crystallization of 2-Si:H on transparent conducting fluonide doped tin oxide co ilid

slass are discussed. A-SitH films were prepared by plasma enhanced chemical vapor deposition. Laser crystaili
iims of a-SitH were characterized by X-ray diftraction and optical microscopy. Semiconductor [aser crysta
pro¢ css as compared to well-established excimer laser offers low cost large area technology for solar cell, uspbw
and other applications. Longer wavelength of diode (808 nmy) allows light to penetrate deeper in the films for
crysmli‘lm.- on of thicker fifrns required for enhanced A;gm absorption.

o

; 1

o

Keywords: a~84, a-S1:H, Laser crystallization, Diode laser, Solar cells, Semiconductor laser.

ANTRODUCTION

Amarphous silicon is deposited on 1re)\pem ve substrates like glass or plastic for mass pro i: ction uf Lc ga, area 50l lar
cells and display applications. For photovoltaic applic twns it is often desirable to produe
thickness for better light trapping’. TL(, reqguirement of low temperature deposition on fhm substrates mmi's
amorphous films. However, due to the amomh wus nature of the deposited films the device performance deteriorates
due to carrier recombination. To avoid such recombination and at the same time keeping higher filim thickness for
significant light absorption necessitates a post processing. Large grain sizes are reguired, in case of thin film
tramsistors (TFT7s)* as well as for photovoltaic applicutiom for improved performance’. Laser (Qqsfﬂhzatmrx is an
attractive tec n"que to produce device quality poly-silicon for photovoltaic and display applications”. Excimer laser
crystallization is a well-established technology for producing polv-8i on glass. However, due to the very high
absorption of excimer laser wavelength (248-316 nmy) in a-St:H, ondy a very thin layer (sub micron) could be
crv«tdli‘zeéi Although, some improvements in \,z«xc‘rnef taser technology have been reported to achieve
crystalliza thicker films and/or large grain sizes, but they are not practical’ due to their high processing cost.

iconductor lasers operating at near infrared wavelength {803 nm), on the other band provide an opportunity to
tallize thicker films due to higher penetration of light i to the film at this wavelength. [n addition to this, these
th 15 are very compact for large area robotic controlled applications and relatively lower cost.

3. EXPERIMENTAL

The amorphous silicon layers were deposited on plane glass and TCO (Fluoride doped tin oxide: SnO,:F) coated
glass, using low tcmpuatm“c Plasma Enhanced Chemical Vapor Deposition (PECVD) technique. The hyvdrogenated
amorphous silicon (a-Si:H) flms were deposited at a rat of 1 A%/s in hydrogen diliuted silane enviromment at about
200° C. The samples were crystallized using a highly efficient laser dicde bar from Nuvonyx {modei PB-40) with
maximum CW power of 50 Watis, conversion efficiency '"s 0%, pulse width in the range of 100 us — CW, pulsc
repetition rate of 0-2 KHz, operating at central waveleng ] of 808 no The laser was operated in pulse modc with
repetition frequency of 1500 Hz and pulse width of 300 u~; at the average power of 45 W, The samples were placed
on & high precision computer controlied 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 surfice was
approximately 1 xmm x 80 . The photograph of experimental setup is shown in fig. 1. The sample was scanned at
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a speed of 2.5 mum/s. The linear translation between two consecutive laser shots was approximately
Crystallization was performed at toom temperature and in air. The laser fluence was ~17 Jem?®. No

was a necessity 10 have very high input laser fluence because of relatively fower abscrption at 805 nm. A 2.
2.54 cm” area of a-Si:H film was crystallized by scanning the sample under the laser bean.

3. RESULTS

The optical microscope pichure of laser-crystatlized surface is shown in Fig. 2. A clear distincuion between laser
treated to untreated region is apparent from the figure. X-Ray diffraction (XRDY) was carried out on the laser
treated/unireated samples to study the structural modification induced by laser treatment. The Rigaku Miniflex 2005
X-ray diffractometer with Cr target was used for our expertment. Fig. 3. Shows the X-ray diffraction results, before
and afler laser treatment of the sample. Fig. 3 (a) shows the X-ray diffraction result for a-Si:H film (2 pox thick)
deposited on  glass substrate. An expected broad amorphous peak was observed. However, affer laser treatment,
theee peaks corresponding to (111), (311) and a (331) could be observed in Fig. 3 (b), confirming the crystallization
of a-SiH op g The (111) orientation was observed to be predorninant peak over both (311) and (331) crystal
orientations. Some sanples of a-SUH of 0.5 pi thickness were deposited on SnO2:F coated glass for Jaser
crystallization. After crystallization (220) peak was observed 1 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 glass® and a-8i”. It was
found that there was not a very significant amount of absorption at this wavelength. The measurements for 500 nm
a-SiH film on 950 mn SnO,F coated glass substrate showed reflection value of 43.53% and, transmission as 36 %.
So absorption and scattering, amounts to only 20.5%. With average power of 45 watt laser output no crystalliz

was observed when tried to crystallize 500 mm thick a-Si:H film deposited on glass. So Sn(,:F layer play a critical

o

o

role in crystallization process. In order to estimate the grain size of the sample after laser treatment, Secco etchin
(solution: 3 parts of H,O, 2 parts of HF 50%, 1 part 0.15 mol solution of K,Cr0,; in H,O) was applied to the

o5

v

* £

samples. Grains of the order of 3 yum in size were observed from AFM images taken on Secco etched samples”.
Raman back scattering experiments were carried out on [aser 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
calculated to be §7 %"

Dicde Laser Bar

Focusing Lens

Computer Controled X-Y
Stage

Fig. 1. Photogeaph showing diode laser crystaliization set np
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S0 um

Fig. 2. The optical micrograph of diode laser crystallized a-Si:H on SnO,:F coated glass
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Fig. 3. The X-Ray diffraction resuits for (a) a-8i:H film (2 pum thick) deposited on glass substrate (b) after laser treatment. (111},
(311} and {331} peaks emerged becanse of laser treatment.
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4. CONCLUSIONS

a-Si:H film on conducting tin oxide o« ass and uncoated glass
wavelength from a compact, low cost soraiconductor iaser. X-ray diffraction and Raman reasurements confirm the
crystallization of films. Films as thick as 2 pm have been successfully crystallized. The electrical properties of the
1and effect of dopants on erystallization process are being investigated.

substrate was crystaiiized using 8035 nm
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Dhede Laser Bar (A~805nm)

.,%..,..

4

FIGURE 1 Schematic showing diode laser crystallization set ap

ple through a plano-convex teas of 15-mra focal length, The
spot size on the sample surface was approximately 1w x
20 pm. A scherpatic of the cxperirnental setup is given in
Fig. 1. The sample was scaunned at a speed of 2.5 nun/s. The
linear translation between two consecutive laser shots was ap-
proximately 1.67 pm. Crystallization was performed at room
teraperatice and in air. The laser finence was ~ 17 J/er’.
A very high input laser fluence was necessary because of the
relatively low absorption at 803 nm. Usually, large arcas of the
sample were crystallized by scanning the sample beneath the
laser beam,

Keray diffraction (XRI¥) was carvied out on the laser-
treated/untreated samples to study the structural modifica-
tions induced by the laser treatment. A Rigaku Minifiex 2008
X-ray diffractoneter 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 mnstrurgent in
the back-scattering configaration. The hight absorption of the
sarople at 803 om was estimated from spectrophotometric
measurements and was compared with already published lit-
eratyre values for both Sn0; © F glass [14] and a-81 {15]. The

f 8-S

DN

SO prm

FIGURE 2 Optical micrograph of diode-laser-crystallized a-Si:H on

800 ¢ F-eoated 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 strocture of the
crystalBized layer, Secco etching [16] was applied (solution:
3 parts Hp O, 2 parts HF 50%, 1 part 0.15-mol solution of
K, Ce, 07 in HoO) for 15 s. By using this treatment, the thin
oxide layer formed on top of the treated saraple and any fine-
graiped St 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
inFig. 2. A clear distinction between the laser-treated and un-
treated regions is apparent. The untreated surface s smooth
and does not show any morphological changes. However,
after laser crystallization, alnghly textared region is observed.
The results indicate that the laser-crystalived region may have
a mixed phase. The observed changes 1o the morphology ap-
pear to be in the range of a few guctons.
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FIGURE 3 X-ray diffraction reg
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3 Results and discussion size determination, AFM images were taken. Figure 4a shows

Figure 3 shows the X-ray diffraction results, be-
fore and after laser treatment of the sample. Figure 3a is the
K-ray diffraction spectrum for 8n0; : F-coated glass. 880, F
is a transparent conductor and serves as an electrical contact
for solar cells. The observed X-ray diffraction peaks are due (o
the polyerystalline nature of SuCh, : F. Figure 3b is the X-ray
diffraction spectrum for a-51 : H depostted on SnJ; @ FF glass.,
The X-ray diffraction spectrum for a-5i : 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. 3¢}, confirming the crystallizationp of a-81 : Hon $nQ 1 F
glass. The (111} orientation is the predomunant peak, over
both the (220) and (311) crystal orientations, which agrees
with the well-known 5i powder diffraction patiern. For grain-

a-$1: H before laser treatment and b jaser-
jently with Secco etching. A grain size of

the AFM image of an untreated sample and Fig. 4b the image
of a treated sample after Secco etiching, Grains as big as 5 pun
in size were observed.

The absorption 1o the thin 2-Si: H filos was determined
from spectrophotorgetric reasurernents. Absorption was not
siguificant at the wavelength employed. The measurements
for a 5000-A-thick a-8i : H filre on a 9500-A-thick S0, : F-
coated glass substrate showed a reflection value of 43.5% and
atransmission 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-5i 1 H when deposited on Sn0, @ F-
coated glass. With a laser output of 45 W, no crystallization
was observed with a-81 1 I deposited on glass. Therefore, the
500, ¢ F layer plays a critical role m the crystalfization pro-
cess. The absorptivity at 305 nm for fluornide-doped tin oxide
is ngher than that for a-83 : H [14]. Also, the stroug feropera-
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wire dependence of the 51 absorption coefficient enhances the
absorption of the diode laser hight.

From the optical ransmussion and reficction measure-
mients, it was found that the absorption coefficient of a-8i 1 H
at 805 um is about 300 cm ™!, which corresponds to a peuetra-
tion depth of about 33 pm. Since the 2-Si: H &l thickness
was only about (1.5 jum, it is reasonable to assume that a large
fraction of the energy was deposited in the thick (~1 pm)
Sn0; 1 F layer. According to results reported by Rottkay et
al. [14], the imaginary part of the refractive index k 1s 0.02 for
$n0, 1 F at 805 now This value corresponds to an absorption
coefficient (drk /L) of 3122 cin~ !, about an order of magni-
tude higher than that of a-81 : H at 805 mm. Since the melting
point of SnGy T (~~16307°C) 1s higher than that of a-51: I,
the former remains solid, whereas a-Si: H reaches s melt-
g point. It was further observed that when the substrate was

cated to about 200 °C, we were able to orystallize the a-Si: H
filow on glass subsirate, which was otherwise not possible. We
conclude that with a bigher laser power, itwould be possible to
crystallize films of higher thickoess even without the presence
of the 3n0, : Flayer.

Figure 5 shows a Raman spectrum of a laser-treated sam-
ple, along with thosc for untrcated and single-crystal sili-
con. The spectrum was taken using the BIO RAD FTI' Raman
systern with 1.06-pm laser excitation in the back-scattering
{1807} mode. The laser spot at the samnple was about 1 mm x
1mm and the power was about 400mW. The system was
calibrated with ¢-83, which has a peak at around 521 em -1
as shown in Fig. 5a. Figure 5b shows the Rarpao spectium
of a-Si: H. No peak was obtained. However, according to
theory, a. very broad peak 1s expected for the uotreated sarn-
ple. The peak appears to have heen suppressed by noise at
the large wavelength of the excitation laser. Figure 5S¢ shows
the Raman spectrum of the laser-treated sample. The occur-
rence of a very sharp and narrow peak at around 520 cm ™!
for the laser-treated sample further confirms the crystailiza-
tion demnonstrated by the XRD measurernents. The ntensity
of the Raman peal increased with increasing pulse energy

of the laser used for crystalhization. For the single-crystal S
wafer, the Raman signal was higher due to the larger penetra-
tion depth of the 1.06-pun Nd : YAG laser vsed for the Raman
FRCASUTEIHenEs.

In summary, we have successfully demonstated the crys-
tallization of a-31 : H filins on glass vsing low-cost and com-
pact sepnconductor laser technology. Crystallization was con-
firrsed by X-ray ditfraction and Raman measurements and the
achicved grain size of several microns was 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 hesafluoride {8F,) and hydrogen chioride (HC. The surface texturing results from the combined effect of luser-
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 ia Ge and that HCE can be used w form regular condcal pillars in Si

A5 2007 Elsevier BV, Al righis reserved.

Kevwvords: Fenosecond fuser: Surfuve textering: Uhrafast tosers: Chemicel restructuring; Silicon and germupsium surfuces

i. Introduction

Silicon and germanium are two of the most imporiant
elecironic materials used in the scmiconductor industry,
Restructuring the surface of silicon has been an active area
of rescarch due to several reasons including: (1) it enhances the
surface area and hence the effective active area of a device
inereases, (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 apphications,

Surfuce toxturing by porsification of silicon has been
cxtensively studied over decades and recently wltrafast laser
assisted surface texturing { 1-8] has becoms progressively more
popular due 1o several advantages: (1) unlike porous structures,
repular sharp pillars can be formed in which the entire surface
area is exposed as exterior surface, (2} the structural, optical
and clectronic properties can be well wilored by controlling the
processing conditions, and {3} large area samples can be
processed with automation. Nonctheless, the formation of
regular conical pitlars has only been demonstrated previously in
silicon. Furthermore, while it is known unambiguously that the

* Comesponding athue, Tel: +1 434 924 6167: fax: +1 434 924 8818,
Eanail address: mgupta @ virginisedu (M.C. Gupta),

Q169433273 ~ see front matter 0 2007 Blsevier B.Y. Al rights reserved.
dui: 1L 1016/ apsuse, KT 01079

initial stages (i.e. dusing the first few laser shots) of surface
texturing exhibit virtually no dependence or the presence and
nature of the process gas. i is equally well known that the
ultimate structures formed after hundreds of laser shots depend
sensiively on the presence and nature (3.2, comparing vacuum
to air 10 He to SFy) of the process gas. The specific mle of the
chemical intersetions that lead to structure formmtion 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{1 0 0) (B doped) and undoped Ge(l 00} wafers were
cleaved into small chips and cleaned with acetone and
methanol. Silicon and germanium chips were put successively
on 3 sage inside a vacuum chamber {with base pressure
~{ mbar} mounted on a high precision computer controtled X-
¥ stage. The chamber was backfilled with 400 mbar 8F; or HCI
after rinsing several times with the process gas. The samples
were then exposed to 1.4 mJ pulses of 800 nm/ 130 flight ata
repetition rate of | kHz from 2 regencratively amplificd Specira
Physics Ti-sapphire laser system. The laser beam was focused
by a | m focal length coated lens and incident normal to the
saumple surface. The laser fluence was controlled by using a
calcite Glun-luser polarizer.
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The spatial profile of the laser pulse was nearly Gaussian,
though clongmicd in onc axis compured to the other croating an
elliptical profile, and the fluence was calculated using the spot
size determined by exposing a small area on the sample surface
1o thousands of shaots. In order {0 scan an area bigger than the
faser spot size, the samples were transiated using o motonized
X-¥ stage. Scoanning also assists 1o 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-¥
stage, the number of faser pulses impinging on the sample
surface at a particular spot was controlied. The spot size was
£.3 mm along the minor axis and 8.6 mm along the major axis.
Scanping was performed parallel 1o the minor axis. Samples
were produced either with isolated single line scans or with
farge arcas created by overlapping severnd line scans. The step
size between sean lines was chosen to be sufficiently small
{generully 0.38 mm) such that successive lines overlapped
substantially, improving homogeneity. Homogeneity is further
enhanced by performing 1wo cverlapping scans in orthogonal
directions rather than one averlapping scan with an exposure of
the same ol number of shots, After Jaser processing. the
samples were analyzed with a field emission scanning electron
microscope (Zeiss SUPRA 40).

3. Besults and discussion

Fig. 1. shows the SEM images of sharp conical pilfans
ormed on the silicon surface produced with 240 shots of 130 63
faser pulses at o fluence of 8.6 em™ in 400 mbar of SF,
{Fig. la) and HC! (Fig. 1b). viewed 45° from the surface
normal. The pillur size varics scross the scanned laser line
indicuting the intensity variation of the lascr fluence across the
spatial profile of the laser pulse. We overlapped the scan lines to
mimimize height variation over o large area on the sample
surfuce. The spikes that are obtained in SF are ~ 15 wm tall
and around 5 wim at the base.

On the other hand, under similar conditions, the structures
formed in the presence of HCE are composed of taller pillars
{~ 20 wm height) with a base dimension around 7 pm. Jt i
evident from Fig. la and b that the pillars which are formed in
SF; are narrower towards the tips compared to pillars formed in
HCL Although the pillar density is compurable in both cases,
the pillars formed in HCI look stronger and relutively blunt
twowards the tip indicating that difforences i the eich chemistry
in the F/8I system relmtive to that of CISE system are
responsible for significant structural differences, The role of
chemistry in structure formation is not well undersicod and it is
not a trivial result that regular conical pillars are formed during
{s irradiation in 8F, 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 trvadiation in the
presence of HCL {91 During ns pulsed irradiation of 53, HCY
produces significantly blunter tips, the pillars are much talier
{>50 pm) and they are porous rather than solid core [@]. This is
i further indication that the mechanisms of pillar formation are
not the same for §s and ng irradintion. This result is alse
significant  because  chemical  impurities, namely  sulfur,

Fig. 1. SEM images of pillars, viewed 437 frony the surfice somal, formed in

" sitiven surface by 240 liser pulses of 130 15 durmtion. 0.6 Fom™ fluence in the

gaseous enviropment of A mbur of (1) SF; and (b} HCL

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 chould be able 1o disemtangle the

ceffects on optical and electronic properties of geometric

parametens from chemical parameters,

Fig. 2 displays SEM images wken for germanium samples
treated under similar laser and gaseous conditions as in the case
of silicon described above. A very difforent surface texturing
was observed in germanium as is clear from Fig. 2. In the case
of germanium processed in SFs, we noticed two  distinet
features not observed under conditions that are similar (0 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
10 ~ 2 pm in length with ~ 108 nm tip radivs. Nanoclusters
formed during laser ablation are more abundant in genmasium
compared to silicon under similar faser conditions, which might
be due 1o the lower melting temperature of the former. On the
other hand, the germanium structures formed in the presence of
HCH (Fig. b} are less densely populated, shorter, high cone

. angle. wider base, and exhibit greater variations in pillar height

compared to silicon (Fig. {a). [ is interesting to note that gus
phase silicon ewching is unisotropic in HCI and the eich rate is
~ 20 pm min™! for the 8i(1 00) plane at tempergiures in the
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Fig. 2. SEM imuges of pillars, viewed 43° {rom the surface nonmal. formed in
germanium surface by 244 laser pulses of §30 fs Queation, 0.6 § em™? fluence in
the guseous environment of 400 mbar of (a} 8F, and (d) HCL

range of 1050-1250°C {11}, whereas in germanium the eich
rate is sround 3 pmomin~!, the ctch rate is independent of
temperature beyond 800 °C. and it leads to the development of
square pits for Ge(1 G0} {12]. The associased differences in
cich chemistry are involved in determining the different
structure formation dynamics that result in more regular spike
formation in silicon compared (o germamurn in HCL The
details of how these differences affect structure formastion will
form the basis of future investigations.

Laser induced surface texiuring that produces regular
structures on malerials in the preseace of reactive species is
a complex progess involving: (1) plume/process gas and plume/
sueface interactions (decomposition of reactive gas, chemical
eiching cnhanced by laser hesting of the material and the
formation of radicals, deposition out of the plume, etc.), (2}
faser ablation of material, and (3) optical phenomena that
initinte  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 ultimutely a convoluted
dynamicul process involviag all three factors, The dimensions

and character of the pillars formed in silicon have been
observed 1o depend critically on the iemporal pulse width of the
{aser beam. Whereas piller production with pulse durations in
the range of 100 f5 - 20 ns has been demonstruted with much
sialler pillars being formed in the case of fs irradiation {10,131,
we were unable to produce pillars with a 300 ns N&: VO laser.
it appears that pulses significantly shorter than the melt lifetime
{~ 250 ns} are a requisite characteristic of the laser for sharp
pittar formation.

4. Conclusion

We have for the fimt time demonstrated ultrafast Jaser
induced pitlar formation in Ge using 3Fg and HCI gaseous
environments. We have also demonstrated that uiteafast laser
induced pillar formation is not limited to SF, but other gases
such as HCI can be used. In this article we have also reporied a
comparative study of ultrafast laser induced pillar formation
between Ge and Si.

Based on our obscrvations, we muake the following points
regarding structure formation in silicon and germanium: {(a)
under similar laser and gas conditions the aspect ratios (height
10 base ratio} of silicon pillars is higher compared to germanium
in both 8F, and HCU environments, (b) there is a spike
formation atop pillars that occurs in germanium, whereas a bulb
fike structure forms atop sificon pillars when processed in SF,
{c} silicon pillars formed in HCl are willer and sturdier
compared o SF,, (d) in gormanium the structures formed in 8Fq
are more regular, sharp, well defined foutures compured 10
structures formed in HCL (e) for the formation of regular
comcal pillars, the pulse length of the laser must be
significantly shorter than the melt ifetime.
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Ultrafast Laser Textured Silicon Solar Cells
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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 photovoltaic 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 SizNy 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 anisotropic nature of the etchant.
(b) Isotropic texturing for multi-crystalline silicon using acidic mixture of HF and HNO;
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

! 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 £ 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 SFg at least twice and then backfilled with 400 mbar SFs. 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 Glan laser calcite polarizer. In order to expose
an arca 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 (HNO3:CH3COOH: 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% H;) 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 a N»:0,:3:1 ambient at 900 °C
for 15 minutes. The spin on dopant film is retained after diffusion and front electrode arca
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 clectron
microscope (SEM) (Zeiss SUPRA 40), reflectance measurements are carried out using a
spectrophotometer, -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/cmZ) 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 pum tall with base diameter of ~
5 um tapering down to ~ 100 nm and separated by ~ 6 um 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).

® - (b) ©
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
pm.

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 um 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.

Reflection (%)

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)
Higher 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 (¢) the process produces same micro textures on multi-crystalline silicon
wafers.

Post chemical and thermal treatments on as-textured surfaces scem 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 scutiering) of the Si surfuce
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 otal 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 ‘0> 2011 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Efficient light energy absorption over the entire solar
spectrum causing carrier gencration in a photovoltaic
material is one of the most important requirements for
enhancing  power conversion. This is becoming an
important issuc 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
lexturing (using wet chemical process) and anti-reflection
coating [by deposition of SizNs layer using Plasma
Enhanced Chemical Vapor Deposition (PECVD) methed).
Usually industry uses two types of texturing procedures:

Copynght & 2011 John Wiley & Sons, {td

(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 isopropancl
{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 emperature and isopro-
panol concentration. Thus, it is very difficult to reduce
reflection to less than 109% with anisotropic etching.
While this method is applicable for ¢-Si matenials, it
could not be applied to multi-crystalline materials due
to the anisotropic nature of the chemical etchant.

Isotropic chemical texturing for multi-crystalline sili-
con {mc-Si}) uses acidic mixture of HF and HNO, and
organic additives [4,5]. This method relies on the
residual saw damage that causes uneven eiching
of the surface that results in the texture formation.

2
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Table §. Varous textunng methods and reflectivity values reported for mong-crystalline (c-S1 and muiti-crystathing (mc-Si} walers.

Author Year Technigue Substrate  Applicable 10 Approx.
used R (%) @ 550nm
{as textured)
Gangopadhyay et al. 2007  Isotropic acidic textunng me-S mc-Si 15
Zechner ot al. 1997  Mechanical grooving me-Si c-S & me-S >15
Inomata et al. 1997 RIE me-Si c-Si & me-S <2
Vazsony: et al 1999 NaOH + IPA ¢St [ 2] 10
Nishimoto et al. 2000 Na,CO; (] ¢-Si 10
Abbott et al. 2006  Laser texture c-Si c-S1 & me-Si <5
Nishioka et af 2009  Ag nanoparticle 3] ¢S & me-Si <5
Branz et al 2009  Au nanopartcle c-St ¢S & me-S <2
Younkin ! g/, 2003  Femtosecond c-S c-Si & me-Si <3
laser-induced microstructure
This work 2010  Utrafast laser micro/nano structure ¢S c-S1, mc-Ss, and thin a-Si <3

However, acidic texturing causes several problems
with multi-crystalline 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 | compares various texturing
methods and reflectivity values reported for ¢-Si and
mc-Si wafers.

On the other hand, lasers are unigue energy sources that
could texture surfaces by selectively removing materials
by ablation process. Since laser ablation is an isotropic
process, texturing could be achieved imespective 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/mano structures are formed (see
Figure 1). 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]. 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 ¢-8i, me-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 14.29%) 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 ¢-Si (100) of resistivity 2 {1 cm, undoped
¢-Si, and mc-S8i wafers are diced into small square chips of
size 2cm x 2cm. 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 SF, at least twice and then backfilled with
400 mbar SFe. The samples are exposed to 0.6 mJ pulses of
800 nm wavelength and 130 fs pulse duration at a repetition
rate of 1kHz 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 Glan laser calcite polarizer. In order to expose
an area bigger than the laser spot size, the sumples are
raster scanned under the laser beam using & motorized X-Y
stage. Scanning is adjusted such that laser lines overlap
suitably to generate a uniform surface texture over the
silicon surface.

Prog Photoveit: Res Appt (2011} © 2011 John Wiley & Sons. Lid
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Figure 1. SEM images of ultrafast-laser-induced micro/nanc

structured  silicon surface. Laser fluence (A =0.9J/cm?

(3} mono-crystalline Si surface exposed to about 300 laser shots,

{b) single spot on Si surface exposed to 1000 laser shots,

{c) multi-crystaline Si surface exposed to about 300 laser shots.

Inset in both (2) and {(c) shows optical photograph of laser-treated
silicon surface that looks black.

2.2. Solar cell device fabrication

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

Preg. Photovoit: Res. Appl (2011} @ 2011 John Wiley & Sons, Ltd
DOI: 10 1002/pip

Efficient light trapping in Si solar cells

first cleaned using a chemical etching procedure (NaOH
solution rinse followed by isotropic etching (HNOy:CHa.
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 1o form ann™* 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 15Smin before they
are inserted into a diffusion furnace. Doping is carried out
in a N;:0;:3:1 ambient at 925°C for 15min. After
diffusion, the SOD film is etched away in dilute HF
solution. The wafers are oxidized at 800°C for 30 min
followed by a deposition of 70 nm SiN, layer by PECVD
(silane and ammonia gases are used) for surface
passivation and further reduction of surface refiection.
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 (100 nm/
50 nm/500 nm) 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 (FTIR)
and a Nicolet Protégé infrared spectrophotometer with
integrating sphere attachment. Measurements are con-
ducted at a resolution of 16cm™" 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 s measured by a silicon detector of active region of
around 4cm’ 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 270M 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 /-V setup and a class B solar
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simulator from PV Measurements Inc. The device
efficiency results are verified against a commercial solar
cell calibrated by NREL for 1.5SUN (100 mW/icm®)
itlumination.

3. RESULTS AND DISCUSSION

Figure | 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 ¢-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/cm’® and average
number of laser shots used to create these structures are
about 300, Figure 1(b) shows a laser spot irvadiated 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 afier laser
trestment. Figure 1(c) shows the SEM image of a me-Si
surface after ultrafast laser treatment. Micro/nane struc-
tures, similar to that of ¢-Si, are formed in me-Si indicating
that laser-texturing process produces same surface features
for grains of different oricntations. Inset in Figure 1{a) and
(¢) shows the optical images of ¢-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 surfuces 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 retiection from polished bare siicon and
laser micro/nang structured silicon surface of Figure 1(a).
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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
(1.12eV), 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 1000 nm wavelength is 6.4cm™' [29]. 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 um. Ultrafast-laser-induced micro/nano-structures

Prog. Photovolt: Ales Appl. {2011) © 2011 John Wilay & Sons, Ltd.
DOV 10.1002/pip
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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 SFg 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 IR region up to 20um. 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 SF, gaseous conditions. Table Il 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 meationing here that the samples are not annealed or
cleaned prior 10 EDS analysis. Therefore, much of the C
and O may arise from contamination on the surface. Also,
no effort is made 1o 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™' depending on the
gratings chosen. The calibration is done using 4 standard
¢-Si sample. Itis clear from Figure 4 that the treated sample
shows (a) a slight broadening of the L.O-TO phonon peak:
(b) an asymmetry around 521 cm™"; 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 ). EDS resuits of laser micro/nano structured undoped Si
surfaces treated in SFg gaseous conditions.

Eloment C 0 Si s F
Atomic % 8.3 5.5 85.9 0.14 0.26
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Figure 4. Raman spectra from control and treated sample.

Control sample shows a typical symmetnc Raman hine peaked

at 521¢cm ', whore as the treated sample shows a slight blue
shift and asymmetry in the signai.

due to phosphorus doping [31). With increasing phosphor-
ous concentration, a broad low-energy tail extending from
400 to 500cm ™' 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 luser 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 40s cleaning in isotropic
etchant), and (¢) 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 111

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
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Figure 5. SEM images of laser-structurod surface: (a) as-laser-treated; 40 s NaOH etch followed by isotropic etch for (b} 5, (c} 10, (d)

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 111). 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
550nm wavelength. It is clear from Figure 7 that
reflectance increases with cone angle. Initially 8-10 pm
texture height was chosen knowing that post-chemical
etching would reduce the texture height to 4-5 um. Since
silicon is ctched 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 45°. According to the simulation,
after the thin oxide (10nm) 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 /-V curve for
the device fabricated on a laser-textured Si surface.
Currently, a total efficiency of 14.2% is achicved for
ultrafast-laser-treated devices compared to 14% for a
control device (which has no surface texturing but has an
antireflection layer of 10 nm 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 (V) 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 Il The saturation current density is extracted from
the dark /-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 [i] that the recombination current
(Jp2) for all laser-textured samples is higher compared to
reference cells. This increase in the recombination current
can be auributed 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 Photovolt- Res Appt (2011) © 2011 John Wilgy & Sons, Ltd
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thin layer of a-Si:H. High dark current is also indicative of
this fact (see Table 11I).

While the post-chemical etching process nceds further
improvements, it is possible to carry out laser-surface
structuring in the presence of other gases such as HCl,
where sulfur incorporation could be avoided. We have
demonstrated that it is possible to create self-assembled
micro/nano structures in HCl environments [ 17]. The laser-
treated samples used in this study are prepared in a
chamber filled with SFg gas at 400mbar without
maintaining a constant flow of gas. By maintaining a
constant gas flow while the luser processing is going
on, redeposition of ablated particles could be minimized.
Appropriate post-chemical processing and the use of
HCI 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 (39 mA/cm?) resulting from extra-

B. K. Nayak ot al.

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-ussembled 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/nuno surface structures on me-Si
wafers as effectively as on mono-crystalline wafers.
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ABSTRALCTY

The feasibility of micromechanical optical and infrared (IR} detection using microcantilevers is
demonstrated. Miceocantilevers 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 quantum or thermal
detectors. Microcantilevers coated with a heat absorbing layer undergo bending due 1o the differential stress
originating from the bimetallic effect. Bending is proportional 1o the amount of heat absorbed and can be
detected using optical or electrical methods such as resistance changes in piczoresistive cantilevers. The

microcantilever sensors exhibit two distinct thermal responses: a fast one (rf’ema; < msy and a slower one
(rlermal _q6msy, A noise equivalent temperature difference, NEDT = 90 mK was measured. When

uncoated microcantilevers were inradiated by a low-power diode laser (A = 786smm) the noise equivalent
power, NEP, was found o be 3.5izW/~fiIEwhich corresponds 0 a specific detectivity, Dﬁ, of
3.6% 107 em-JHz /W 2t a modulation frequency of 70 Hz.

2. IN BUCTION

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 controd,
surveillance, night-vision, collision avoidance, and medical imaging. Presently, there are several families of commercially
available infraved detectors, including thermopiles, pyroelecirics, bolometers, and various solid state detectorsh?. Thermopile
detectors typically have a large thermal mass and long response tmes & 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 quamtum 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 the 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 converied inte an elecironic response while with thermal
detectors, IR radiation is converied 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 mile, when the
photon energy of the infrared radiation kv > kgl , photon deteciors offer better performance and when Au <47, thermal
detectors ars penerally favored.

Figure 1. Left drawing is a cross-sectional schematic showing the bending response of o bimetsllic cantidever with an IR adsorbing coating. Surface
strexses Sy and S; ase balunced at eguilibrivim, generating 8 radial force F, along the medial plane of the microcantilever, These stresses become
unequal upon exposurs o IR radiation producing & bending force, ¥, that displaces the tip of the microcantilever. Middle - is a scanning ¢lectron
micrograph of one of the piezoelestric IR sensors used (calibration bar iz 1Suwm).  Right - is another scanping electron micrograph of the
Siy Ny microcantilevers used for the experiments compared to @ buman hair (calibration bar is £2.5zm ).
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A new approach for producing compact, light-weight, highly-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 t infrared radiation, the temperature of the cantilever increases due to absorption of this
optical energy>®. If these microcantilevers are consiructed frorm materials exhibiting dissimilar thermal expansion properties
(such as silicon nitnde coated with a thin gold film}, the bimstallic effect will cause the microcantilever to bend in response to
this temperaturs variation®™?* (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 tuen is proportional to the radiation intensity. Previous
work has shown that microcantilever bending can be detected with extremely high sensitivity!>17. For exampile, the metal-
coated microcantilevers that are commonly enployed in xtomic force microssopy (AFM) allow sub-Angstrom (<107 m)
sensitivity to be routinely obtained. Recent studies have reporied™'? the use of microcantilever bending for calorimetric
detection of chemical reactions with energies as low as a few pJ. It was demonstrated® that the 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 deiectable energy of 20V and a

temperature sensitivity 1075 K% However, using an optimally designed cantilever, the sensitivity may be improved even
further!™1%, 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 seasing
cantilevers are typically 100~ 200 um long, 0.3~ 4 pm thick and 10~ 50 on wide, and made out of materials such as silicon
nitride, silicon or other types of semiconducting matenials’®. Due 1o the monolidiic nature of these devices, they can easily be
produced in one- and two-dimensional arrays with hundreds of levers on 2 single wafer. This type of fabrication scheme
possesses obviows advaniages when considering the production of infrared imaging systems with these cantilever devices.

When considering the bending of the lsver, a proportionality between bending and the absorbed energy by the
microcantilever is obtained by assuming a spatially uniform incident power, 474, onto a bimetallic microcantilever.
Thersfore, the maximum deflection, zn,, . due to differential stress is given byHHI38

I I Ty 10 ~ 0 ){dQfds)
4 Aty + Agn)wid a1+t [k }"*” Vuy {5512 +Eid /B2 )+ g [ By

1£))

where { and w are, the length and widih of the microcantilover, respectively, # and f;are the thicknesses of the two layers,
Ay 4y o,y B, B are the thermal conductivities; thermal expansion coefficients and Young’s moduli of elasticity of the
two laverg; 7 is the fraction of the radiation power absorbed.

8 % ragetion {b)

PLILEEE

meef
=
B
%g dY=¥ V= Va%g;
= o Seed Lot Hepoelentric
i Trarsduder
Figure 2. {a) Sct i ion of the piezoresistive IR detection experiment. The piezolever iz part of 2 Wheatstone

bridge, one of e legs connected 10 ground, the other 1o 2 mewl filmn resistor with approxinastely the same vesistance R ~ 20008,
The other iwo ottpuels are commecied © the input of 8 &fferential instrumentation amplifier. (b} Schematic diagram of the optical
read-out mathed for IR detestion,
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Figurs 3. (a3} Response of the Wheatstone bridge detection circuit, AV, and deflection, 2y, , of the plezolever as a function of the
source tempesature. (b) Response as 3 function of the absorbed thermal power and (¢} as a function of IR source distance, L.

3. EXRFERIMENTAL

3.3, Piezoresistive Deflection Monitoring

& schematic diagram of the piezoresistive cantilever deflection detection technique is given in Figure 2(2). In this
example, surface doped silicon microcastilevers 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 elsewhere®®?! The total
resistance of the cantilever was approximately 2000, which was slectrically connected across one arm of a de-bissed
Wheatstone bridge circuit. The change in the total resistance is directly proportional to the maximum deflection of the
cantilever®:

AR(TY = 3R 2, (TH 21078 oAl
where 2y, (T3 is expressed in am.

The thermally induced deflection of the cantilever is caused by the bimetallic effect which arises due to the difference in
the thermal propertiss of the IR coating, the metal layer, and the native silicon body of the cantilever. A reference voltage ¥
{equal 10 9 volis in these experiments} was applied across the cireuit and the voltage difference, AV(T), across the Wheatstone
bridge circult was digitized using a Tekironix TDS 3444 digital oscilloscope or fed into 2 Stanford Research Systems SRES0
lock-in amplifier. The measured voltage AV is related to the deflection of the cantilever by

3V,

AV{T)=: 4efmgx(T)K§ﬁ5 &

The experimental measursments were performed using piczoresistive microcantilevers as temperature sensors in the
configuration shown in Figure 2(3). The commercially available piszolever’® was coated with ~ 50nm of gold black which
served as the IR absorbing material. IR radiation was then focused onto the sensor using a 2.54em diameter IR lens with 3
focal length of 3.50m and a wavelength transmission range between 0.6-15um?2. A Stanford Research Systems SR-540
chopper was used to modulate the IR radiation upon the detector. The sensor assembly was positioned 13¢m from 2 soldering

iron which served as the IR sowrce. A calibrated thermocouple was attached to the IR source so that its temperature could be
recopded.

The thermal power absorbed by the detector can be described as:
d {ap )
Frermat = ’?‘Q% = mLE\E“;zT E"‘s:ws~s(7'§ - T;} @

where 7; is the transmission of the lens, A, is the effective area of the sensor, L is the distance of the detector from the
source, Ag is the area of the target (IR source), ¢ is the target's emissivity, o ; Is the Stefan-Bolummann constant
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(- 5671070 W.-em™  K™), 7 is the temperature of the targst, and T is the background temperature. In the present
swdies 7; ~ 0.7, Ap=6.2x10"em®, L~15em, Ag~%em?, and Ty =294K. Using these values in Eq. {4), the
absorbed thermal power (in Walts) is Py, ~ 6.064 %107 {T:é - {2‘94)4} {assuming that 77 ~ 0.9 and 3 measured £~ 0.43

for the hot iron IR source).
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Figure 4, Response of the Wheatstone bridge detection cireuit, AV, deflection, z,,, and nolse AV, of the plerslever as a
function of the modulation freguency.

The response AV was measured as a function of the temperature, 7, of the IR source. This is plotted in Figure 3(a)
along with the deflecton, £, , of the piezolever and can be seen to be a monotonically increasing function of temperatuce. In

Figure 3(b) a plot of the response of Wheatstone bridge circuit, AV, and the deflection, z,,., of the piezolever detector a5 a

function of the total power absorbed by the detecior and it can be seen that it increases linearly with increasing power. From
the slope of this line, a deflection seasitivity of 0123 nm/ uW is obtained. At a modulation freguency of 30Xz, a noise

equivalent power (NEP) of ~ 70 nW/ Kz was also obtained, where NEP = (AV,/AV)x Pynyi AV, is the background
noise level {é\‘v’n ~1078 V}.

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 gz, are plotied a¢ 2 function of the distance, L, between the detector and the surface of the

soldering iron (IR source); L was varied from 14om to 38om. The ambient wemperature was ~ 294 & 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 15cm.

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 axposed (o the incoming IR rediation we measured the response of the Wheatstone bridge cirenit, AV, and the
deflection, 2., s 3 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 incressing modulation frequency. The temporal response of the temperature
sensor was also determined by measuring AV as 2 function of time. The microcantilever was found o exhibit two thermal

response times due to the incoming IR radiation; a time 7™ < Lms and a time 7™ that is semewhat longer {~ 10ms).

These findings demonstrate that small changes in temperature induce deflections of the microcantilever correspond to
measurable changes in the piezocantilever resistance. It should be noted that these commercially available piezolevers have
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been designed to be minimally sensitive to changes in ternperature so as to reduce the noise and interference in scanning probe
microscopy applications. Therefore, the teraperature sensitivity of the piszolever could be further improved by optimizing its
shape, IR sbsorbing coating and thermal isolation.

Twpel k=003 N/m

-Chip

180 pm

1.0 s 4

Figors S. Schematic view of the 0.8um thick §i, N, microcantilevers used for evaluation of thenmal response.  Note that results
from only the two left-most microcantilevers (out of five total) on the lowsy chip are presented.

Bending of microcantilevers can readily be determined by 2 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 tansducer; this chip holder
was then mounted on a thwee-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 786 nm, beam diameter of Smm, centered on the tip of cantilevers 180 ~320um in

length). Cutput of this excitation source was modulated sinusoidally at frequencies ranging from DC 1o 1004z, with peak
powers ranging from 0 0 1B.3mW (0 to 65mW/ cm®). This configuration provided a flexible, casily controlled test system

for quantifving microcantilever response 1o 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 helimm-neon laser {or HeNe, delivering
3ImW at 633am) was focused onto the tip of the microcantilever using 2 18X microscope objective; o minimize heating of

the up 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 £D, and PD, in Figure 2(b}}; a 1am bandpass filter centered at 633 nm was placed in front of the detector
10 block scattered light from the purnp laser. The difference signal from the detector pair as the cantilever tip changed position
{{PD, -~ PD, ) PIy + Py }) was used to measure the displacement, 4. This signal was directly digitized and stored, or sent to

a lock-in amplifier (SRE50, Stanford Research Systems) for signal extraction and averaging. The lock-in amplifier was also
used 1o control modulation frequency and cutput level of the pump laser.
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Figure 6. Mechanical and optical excitation spectra for 8 Type 11 micoocantileves. Response to frequency swept mechanical
excitation is given in spectrum A’ similar results for optical excitation are shows in spectrum “B'. Optical excitasion was effected
using a sinusoidally modulated purmp laser &8 786 am . Specirum 'C” shows noise response when the pump laser is speraed in 2 do
mods, Fund i hanical e at 5.24H: and highes-order resonance a1 37AMz 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.
Microcantilevers typically come from the manufachurer sttached 1o a Jarge rectangular chip (ca. Imm wide X 3mm long x 1mm
thick) that is used to facilitate manipuistion and mounting, and all those evaluated in this work were used as received. The
microcantilevers used were: & triangular silicon nitrde $i,¥, microcantilever (labeled "I” in Figure 5, with a length of
180G om, a width of 18 0m and a bending force constamt ¥ ~ 0.3 /m, from Park Scientific); a rectangular silicon nitride
microcantilever (labeled "11", 200 2 in length and 20 pom in width, bending force constant & ~ 0.2 N/ m, Park Scientific); and
a triangular silicon nitride cantifever (labeled "YHI", which was 320 gm long and 22 pm wide, with 3 bending force constant
& ~ 0.1 N i m, Park Scientific). Bach was 0.5 g thick. The Type I cantilever was coated with aluminum on one side to see
how this would affect its optical response characieristics; Types # and Tl were used as recsived from the manufacturer, with a
gold/chromium filr uniformly covering one side.

An essential aspect of any scheme for micromechanical optical detection is the ability 1o sensitively detect physical
changes resulting from thermal siress, 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 piezoslectric element in the AFM chip
holder with the reference signal from the Iock-in amplifier; such mechanical excitation spectea are helpful in localing resonance
freguencies for allowsd microcantilever bending modes. Optical excitation spectra were obtained by modulating the pump laser
with the lock-ia reference signal. Typical response spectra for a triangular microcantilever (Type TII) are shown in Figure 6.
The mechanical spectrom (curve "A"} shows two resonances, at H4Hz and 3B EHz, atributable 1o the fundamental transverse
resonance and a higher-order resonance {possibly torsional bending}, respectively. The optical spectrum (curve "B") shows
shirdlar resonance features, although with somewhat different relative intensities; a large, broadband response is also noted at
low fregquencies. No synchronous oscillatory response was noted when the microcantilever was excited with constant dc laser
power {curve "C"). Similar response was noted under these conditions for the other two microcantilevers.
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Figure 7. MNoise equivalent power (NEP) as a function of modulation frequency for a Type I Si;#y
microcantilever, Optical excitation at 785am, utilizing bimetallic bending induced in a gold/chrominm film.

Figure 6(B) shows that microcantilever response 1o optical input decreases rapidly for frequencies above 10 Hz, but
that mechanical resonance is stifl observed even at frequencies well above 104Hz. In fact, the Type I and I microcantilevers
exhibited strong optical resonance at frequencies of 17482 and 14 28z, respectively; these modes correspond to the fundamental
transverse resonances for the microcantilevers. Such resonant response demonstrates that reversible heating and bending of the
cantilever ocours as a result of optical excitation, producing mechanical vibration. These resonances also have guality factors
that zve identical to their mechanically-driven counterparts, confirming that optically-pumped mechanical vibration is ocourring.,

The rapid roll-off in response observed in Figure 6(B) is antributed o thermal equilibration of the cantilever at high
modulation fregquencies. Becanse the cantilever must dissipate heat between laser pulses, the finite thermal conductivity of iis
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 modulatdon 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 I and Type I cantilevers
showed that the rectangular Type I microcantilever had a higher relative response at frequencies above 7.5kHz. We believe
this is due 1o more effective thermal transfer for the rectangular geometry. Since the rectangular microcantilever does not have a
Zeoaetric resiriction between the cantilever and the chip, transfer of thermal energy absorbed at the tip should be more rapid
than that for the wiangular microcantilever, which has a large area tip suspended op relatively narrow legs. The direct route of
thermal transfer in the rectangular microcantilever appears o allow it o maintain a thermal differential at higher optical
raoxiulation frequencies, and hence to continue responding to the time varying optical stimubus at frequencies well above those
practical with the miangular geometry.

In order 1o evaluate the role of optical reflectivity {or thermal absorptivity) on microcantilever response, a silicon
nitride microcantilever (the Typs [ specimen) was coated on one side with a thin layer of aluminum; note that the
manufaciurer's golddchromium film was removed prior to aluminum deposttion. This produced a microcantilever that had a
nearly transparent body that was highly reflective to the pump laser on the aluminum coated side (reflectivity, B~ 055 at
Ta6 ), but slightly less reflective on the uncoated side (due to absorption of the pump radiation upon transmission through
the SN, cantilever body). As expected, the resonant frequency of thie cantilever was found to be 174Kz, However, when the
uncoated side of the microcaniiiever was illuminated (reverse geometry), the magnitude of bending response at all frequencies
increased by about 20% in comparison to normal illumination on the reflective side. We belisve this difference is aunbutable
to increased absorption of the pump beam upon wansmission through the SN, 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 biack, 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 responge at various modulation
frequencies and optical pump levels (Figures & and 7, and Table I}. For the Type [I1 S5N, microcantifever, we estimate 8

Relative Rosponss

s 818 015 o
Modulation Level {4,

Figurs 8. Photomerric response for a typical microcailever {Type HI) at varons optical pump levels using excitation st 20Hz,
400Hz and 6kHz.

noise squivalent power (NEP) of 3.5nW/Hz a1t 208z, where NEP::{;VMQC /8}(%“{%’5,«3@1}, Y poire 15 the background noise
level on the cantilever over a lock-in amplifier bandwidth, B, of 0.26 Kz, and P is the incident optical power producing an
V2

observed signal, V. ... Specific detectivity, D", is equal to 3.6X107 om- HzV* /W under these conditions, where
& signal P Y g

o ={AE"2Vﬂyﬂ,}!’( VooieP), 8nd A is the area of the detector clement. Note that the characteristics of this initial,

unoptimized microcantilever compare quite favorably with some room temperature technologies curvently under development,
including indium antimonide photoconductors ( NEP = SaW at 50082, but are not yet competitive with silicon
microbolometers (NEP=5pW/Hz, NETD=40mK at 30Hz)?* or pyroeleciric devices {(NEP=§pW/Hz,
I =3.5%10% om- HZY /W2, However, in conwast to these highly optimized examples, several simple improvements to
our microcantilever system are obvious that conld improve performance dramatically. For instance, since the metal coating on

Table I, Photometric response at 785nm for a gold/chrominm coated Sip Ny microcantlever (Type 1), Data at 6.0ZkHz was
obtained at the mechanical of the microcantilever.

Optical Modulation  Datector Tims Constant V., L NEP w
Fraguaney (H) {ms} [ {uvy (nwivHzy  femHz A

HO20 300 RN 8.585 3.3 948 x 10°

3 053 178 125 8381 2 10°

] 3085 248 i2.3 161 % 90°

430 300 2232 £.158 843 208 x4

a0 i 4.891 678 1.83 % 167

10 2383 1.48 $.58 188 x 307

20 300 5282 0268 3.485 355 % 10"

the tested cantilevers is highly reflective at the pump wavelength (for gold, £>98% at 785am), use of an improved
absorptive coating (such as gold black, & < 2%) could improve NEP in this example to <73pW . Furthermore, the observed
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getection limits appear to be determined by readout noise in our optical defection 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, r, > ¢.99995) for all but the highest test levels; roll-off in measured response for very high
faser modulation levels is an artifact of our method for modulating the pump laser, which exhibited 2 reduced depth of
modulation at high drive levels.

4. CONCLUSIONS

We have demonstrated that microcantilevers represent an important development in room temperature infrared detector
wchnology, and can be expected to provide the basis for considerable further development. For example, while the
microcantilevers emploved here were optimized for standard AFM applications {(and were in fact designed to minimize thermal
sensitivity), vastly imnproved detectors could be produced by making relatively simple changes in the materials and geomeiries
used in microcantilever 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
0008 N/ m are now commercially available. Since the fundamental mechanical resonance frequency of a2 microcantilever is

proportional to & , 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 33 important as the composition of
the cantilever itself. For example, high thermal expansion bimetallic coatings (such as films of Al Zn, Fb, or In) could be
used 1o increase the thermally-induced bending of the cantilever. Coating the surface of the cantilever with high emissivity
materials (such as gold black) can alsc enhance IR response.

Since microcantilever spectral response can be easily tailored dwwough the application of specific absorptive coatings,
choice of material for fabrication of the microcantilever 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 arvays 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. Whils the optical readout method is useful with single clement designs, practical
implementation of microcantilever arrays may require the use of other readowt methods, such as piezovesistance. Fortunately,
the microcantilever technology's compatibility with a variety of readout methods also affords tremendous flexibility to potential
system designers.
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A BACK-ILLUMINATED MEGAPIXEL CMOS IMAGE SENSOR

Bedabrata Pain, Thomas Cunningham, Shouleh Nikzad,
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California Institute of Technology
4800 Oak Grove Drive, Pasadena, CA 91109
Phone: 818-354-8765; Fax: 818-393-0045; Email: bpain@jpl.nasa.gov

Imaging with a back-llluminated CMOS imager provides a number of advantages, especially as the pixel size
is reduced. These advaniages include high (100%) fill-factor and increased quantum efficiency, efficient
implementation of antireflection coatings, improved angular response, availabilty 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 resulls for a back-illuminated megapixel CMOS
imager. The imager pixel consists of a standard junction photodicde coupled to a three transistor-per-pixel
switched source-follower readout {1]. The imager also consists of integrated timing and conirol 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 cormrelated double-sampling (CDS) mode. The
imager was originally designed for normal front-illuminated operation, and was fabricated in a commercially
available 0.5 pm triple-metal CMOS-imager compatible process. For backside illumination, the imager was
thinned by etching away the substrate was elched away in a post-fabrication processing step.

Figure 1 shows the schemalic cross-section of the back-illuminated CMOS APS. The device structure
consists of a low-doped (~ 3x10*/cm®) epitaxial p-type silicon, with the photo-detecting junction formed by a
front-implanted n-well and the p-type epitaxial sflicon. Photons enter the detector from the backside, and the
resultant photo-electrons are collecied in the front-side p-nwell junction,

The imager was thinned at an individual

die level using a frame-thinning

Unthinned approach. Only the pixel area was

Substrate thinned down to ~ 7-10 pum thickness

— (p+) (comesponding to epitaxial silicon

thickness), leaving a thick peripheral

i region (~ 1 mm wids). A surface

passivation step was then applied to the
thinned siticon layer.

Surface
passivation  Lightin

Pixels The resultant siructure provides
increased mechanical stability, a

'Ele?:::‘:r:ics significant ease of die handling, and

S : protection against wrinkling of the
N thinned die. This approach is well-
. \ Chip pads suited for a CMOS imager, since the
Dislectric Metal imager consists not only of the pixels,
layers conneclors but the support and signal chain

electronics along the periphery of the
Figure 1: Schematic cross-scction of the back-illuminated imager  pixel array,

Backside thinning was carried out as follows. First, the front-side of the die is attached to a protective wax.
Then a proteclive frame on the backside was created through deposition and patteming of a SizN, mask.
The unmasked p* silicon substrate (with doping ~ 1x10'%cm®) was then etched using hot KOH down o
within ~ 10 pum of the final silicon thickness. The remainder of the etching was carmied out in
HF:HNO,:CHyCOOCH solution (HNA etch) [2]. HNA etches silicon through a redox reaction where the silicon
oxidation rate is dependent on the doping concentration. Dus 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 siched 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)

: 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 curents, necessitating the use of post-metallization surface-
passiveiion steps. Unfortunalely, any post-metallization process step is
challenging, since due to the presence of front-side metal with low melting
paint (~ 400°C), 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 1o
) P carry out reliable self-passivation of the etched silicon surface. To get
. i around this problem, some CCDs have used allemate passivation
dﬁﬁixm::d :&;:&Zﬁg‘;;f the 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 deita-doping technique for surface passivation {7]. The technique consists of a low-
lemperalure molecular beam epitaxy {MBE) that places an extremely high density of dopant atoms (> 10™
Boron/cm®) within a few atomic Iayers of the surface with no ohservable crystal defects and no requxrement
for post-growth annealing, making it compatlb!e with post-metallization processing. Delta-doping is casried
out under ultra-high vacuum conditions (10™*° torr) using electron-beam evaporalion 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 aloms. 1.5 nm-thick capping layer of
epitaxial silicon was then grown. After removal fram the MBE system, oxidation of the silicon capping layer
protecis the buried delta-doped layer. Finally, the resultant optically fat surface allows easy deposition of
anti-reflection coaling using deposiled oxides and plasma-enhanced silicon nitrides.

Figure 3 Captured unage with two back-mmned megapixel imagers

Figure 2 shows the die level piciure of the back-thinned imager. The unthinned frame is clearly visible in the
picture. One of the advantages of the thinning approach described above Is that the back-lluminated imager
is packaged using conventional packaging techniques only.

Figure 3 shows captured images with two back-lluminated CMOS imagers. The problem with the first imager
Is clearly visible in figure 3 {left). Following thinning, the imager developed crystallographic defecis 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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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 bsfore thinning was
294 Alcmz and was reduced below 153
pA/cm. indicating the efficacy of delta-doping
for trap interface trap passivation.

Figure 5 shows the measured gquantum
efficiency (QE) of the CMOS imager, belfore and
after thinning. QE for the back-lluminated
CMOS imager is shown as square dots, while
the QEs for the same imager measured from the
front-side - before {triangles) and after thinning

- ’ Dnrkha!s(nﬁcmhz) ; .
Fignre 4: Dark current distribution of the mcgaptxel
imager before and after thinning
and 2.7x inred.

(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 blus, 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 epltaxial silicon thickness of 7
um. With reflection losses limiting the QE, it can be
seen from figure 6 that, except at shorier
wavelengths, the QE data without AR coating
agrees with the modeled QF very well. Figure 6 also
shows that with AR coaling, 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 um) in the imaging area. in addition,
since the imager was not originally designed for
back-iflumination, it did not have sufficient metal
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Fig\m: 5: Measured QB of the megapmel imager -
comparison between back and front illumination

covering over the front-side of the pixel.

— T T v As a result, the Imager shows reduced
L . T O Sy red response due to a diminished optical
{ , Sl A S i [« CEmocel colleclion of longer wavelength kight.
Tt VURRTTTTTTTT] 8 GEess However, the QE in the red region is
........ AR il SRS R RE e A sufficiet  for consumer  imaging

S - -2n - tada ' _|.a CEaR applications.

; N T X ;

RS S Ty ‘&‘l\' Totmrm oot While medulation transfer function (MTF)
4 “ie- TR T -+ . has not boen measured yel, certain
7 LI e h f_;_ _t._...Jf" observations aboul the diffusion cross-
, ‘ | | h‘o M talk between pixels can be made. Figure
Vo i Foome- el b Tbbbd 7 shows that the modeled 1-D dopant
e aeeec et e—— e ,ln-e. - concentration from the backside surface
:( . : ! - 4? {origin) to the frontside nwell area. The

o 6007 ° 700 800
wavelengih (nm)

Flgure 6: Modeled QE — before and after AR coating

~  p-substrate doping Is ~ 1x107/um’, the
epi-doping Is axw’/pm and the n-well
doping Is ~ 6x10*um®.
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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
reglon no longer exists. It can be seen from
figure 7 that the doping concentration gradient
extends as much as 4 pum into the epitaxial
ragion 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 Junctibn. The presence of the deplation
region and the doping gradient creates an
elsctric fisld to drive the slectrons from the

depth {m)
Figure 7: 1-D model of doping concentration variation
from the backside surface to the front

t

-,‘ backside io the collecting n-well junction.

Therefore, the imager is be expected to provide
low diffusion cross-talk even to photoelecirons
created by short wavelength (blue) light.

For measuring noise, the megapixel imager was operated in CDS made. Oﬂfhnp 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 temperaiure, both before and after thinning,
with no noficeable 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-
illuminated CMOS Imager with high QE by using a
successful  backside thinning and MBE-based
surface  passivation process. The main

10000 -
- boforbthin
) : =< -afior-thin
1000" > :
8 1064
£
w i
105 ~—-
1
0 5

foise (5)

Figure 8: Mcasured ‘noise hisiogram

disadvantages of the thinning process are the absence of proper sich-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

manufacturable back-illuminated imager

implementation. Our on-going work will

Characteristics Front-llum, Back- ;
(no thinning) | ilumination solve these two problems soon.

Fomal to2extoat L0202 ] pcigomtoagments:
QE @ 550 nm 2597, 80% This research was carried owt at the Jet
Mean dark rate @ 296K 204 pAlem” | 153 pAlem |  Propulsion Laboralory, California Institute ot
Modal read noise @ 2 MHz 76¢ 82a Technology, under a contract with the
PRNU @ 1/3 full-well <1% <1% Natlonal  Aeronautics  and  Space
Signal handiing capacity 200 ke | 200ke | Administration.
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PROBLEMS of SMALL PIXEL

BIWI0H Sywposivm B Pun 3
PIXEL SCALING TRENDS
e FW(e)- Tech(um)
(1Y R RERR e . : Metric [-=]=-———————-————-—-
IR ye——— "7 Vy(V)-Pitch(um)
o547 T -] }
‘041 ;
03 1
: Oé;
0.1
00 A——r
e
Continuous Technology “Breakthrough®”
Needed to Keep up with the Scaling Trend
CSWICOP Srwmpreion B fun 4
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ANGULAR RESPONSE

Stack-height + Obscuration

= Sensitivity loss

= Vignetting

= Color X-talk

= Spatial variation of x-talk

ho 428
AL A

: = Poor angle response
%z Telecentricity .
kr-4 T
0
g X __/
. i
£ 5
ie
k-]
qou 0 -2 [ w = 0 800 600 400 200 -] 200 00 €00 800
Tagees. Pixeis
TESWI00® Syapasios 8 pumy 5
DETECTIVE QE (MODIFIED)
Photons Noise+XT W00y
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transfer power? o g M s 4o
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SNR,, P Increase QE (QE >= 100)
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(i-a)+Ea+ o”:g}p
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FRONT-SIDE ILD MODIFICATION

THINNER FRONT-END Bl LIGHTPIPE APPROACH

Cu Process

~20% 5hiink

Difficuities in material selection

Process Complexities
Basic Problems remain

BACK-ILLUMINATION

SIONYX1403000041.0047
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BACK-ILLUMINATION: A SOLUTION

\ FRONT )/ \, BACK « High Sensitivity and quantum
efficiency
100 % fill-factor

«Excellent X-talk and Angular
Response
*Canyon” effect efiminated
No obscuration
Spurious reflections efiminated

» Efficient microlens and anti-
reflection coating
Planar surface

* Advanced pixel processing
Dynamic range expansion
Global shutter
Gainranging
Low noise

- Compatibility with next generation
dielectrics and metals

CROSS-SECTION

«Collection much closer to microlens
N Obscuration
«Supports larger numerical aperture

SIONYX1403000041.0048
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BACK TO MAXWELL
Planty of optical energy leakage due to pixe! dimen:

ion, wavé:affects, CFA

FDTD simulation of energy coupling

8 Pun 1

OPTICAL ADVANTAGE
Optical Coupling into Silicon for 1.75 um. pixel
Front lllumination (TE/TM) Back lllumination (TE/TM)

'

: ]
§ g T [RGBt
T 2% > 20% - " 78% “T4%
£ : : - . .
e~ b i :
Almost 3x improvement at F 2.0
SWIOOP Syengosion & fuin 12
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QE & OPTICAL CROSS-TALK

00y e e 50
vt S e
wf ¥ F/1.80ptics Lo
78 ) - 38
- ;% - 30
£
E’ 50+ - 25
404 P 20
30
ot
10
0
0

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

LEWETOD Bymmpastorn (X 13

BACK-THINNING ISSUES

Manufacturable + Wafer-level Pmmg + Good device performance

« Accurately thinning 700 um substrate with <50 A® surface roughness
< Appropriate etch-stop
* Backside passivation
= Hold exposed surfacs 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
= Alignment key
= Stackissues
» Diffusion Cross-talk Control
= Field-shaping implanis
= Back-surface gradients

TESWIN0 Symepecchoen & Poin 14
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PASSIVATION OF EXPOSED SURFACE

Band Diagram
Surface accumulation
PASSIVATION PROBLEM: E,
«Exposed Si-SI0, interface quality is poor y -
- high trap density, potential pocket Sio, =, &
due to band-bending
- loss of blue QE and high dark cumrent
Potential pocket due to
positive charge in
native oxide + interface
traps
LS00 Sooongrentorms 8 oo 15
BACKSIDE TREATMENT

«Implant + RTA Anneal

«Implant + Laser Anneal (s, 7}
~ PRNU, Dark current

to the back surface (8]

- Cannot be used due to the presence of metals

* Delta-doping: few monolayers of boron added by MBE

- Excellent results, but non-standard process
<Flash gate: deposited oxide + UV flooding p, 10

- Outgassing, Long-term stability
«Back-gate: deposited oxide + Silver capping [11)

- Non-desirable metal; AR coating issues
*Back-gate: deposited oxide + ITO gate

-~ Process Control; AR coating issues

SAMSUNG EX. 1002 - 473/4148
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FABRICATION STEPS

DEWI00S Syonpcabios 2 fon 17
SOI TO THE RESCUE
Thin sili 8 : 200 H
n siticon layer: m CMOS readoutADS Small Pixels p3)

Motal
interconnocts

-§ Pixels in handlo wafer

Thick siticon fayer: 3-10 pm

NIR enhanced Imager [12)
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SOI IMAGER FABRICATION

+ SOI wafer with thick device layer {~ 2-10 ym)-
* Imager-compatible bulk-CMOS process

{13, 14)

SOI IMAGER FABRICATION
Starting Bulk-CMOS Suppor Wafer Backside Pad
Wafer [; ’ er i coating Opening

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

e}

BIW2000 Sympasiuin B

e 10
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THINNING

si0,
/ Ww&(WL

Chemical Etch

* Hot KOH/TMAH wet-etch
o RIE with SF,

» XeF, vapor-phase

THINNIN
» Waler-fevel thinning
» Natural high-selectivity (S1-810,) etch-stop

* Burled oxide made by thermal oxlidation L] KORL
» Pre-implanted region for passivation Local <0A
« Self-passivation: surface never expogsed
Global <2004
ESIAIO0P Sympentesm 8 Dui il
BACK-to-FRONT ALIGNMENT
ARE

Exposed metal holds alignment keys

BRI Sypstosn & on 2

- 11
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PAD OPENING

See-through
glass wafer

Opened Pads

TERHIEYD Srpmmpmsloana & Mot

THE CROSS-SECTION

- 12
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ALTERNATE INTEGRATION SCHEME

7 D‘ee;; sillmn vua»formaﬁoﬁ o .

Finish metzlliutionv

147, 18}
EREIO00 tytapamnens 8 Pum 22J

ALTERNATE INTEGRATION SCHEME

% Siicon Handle Water

Final Cross-section
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POSSIBLE EVOLUTION

1% Generation
Through Silicon Contacts for wirebonds
Pixel cptimization

27 Generation
Higher Dynamic Range - In-pbeel Cap
Better Z-height - WLCSP

3 Generation
Only pixel in wafer - best peformance
SOC integration
Pons poremton -l:—aw-u {16}
BSWIU0B Srepustun 8 oo rig
PERFORMANCE
ORI Syeponess

8 Pae
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COLOR BIS IMAGER

Back-itluminated 1.75 um Color Picture (7

PERFORMANCE IMPROVEMENT

Median luminance = 3 lux

Median luminance = 690 lux for D65

4 2.5x increase in Sensitivity for 2.2 ym pixel
4 Dark current & Full-well about the same

4 Angular response improves by 5x

¥ Electrical cross-talk worse

* 15
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QUANTUM EFFICIENCY

QE

4= mwBrN AR
—~- kg B o AR
e Bhodium B 1o AR
O MedumB AR

w0 700
Wanclengih ()

* Surface Boron is an effective tpol to improve QE

« Blue QE affected by boron content at the surface £14]
« For color Imager: 20% loss going through CFA and OCL
TESUIOOP Yyempoatmn 8 s 31
WELL BEHAVED DARK CURRENT
OO ] 1 1 T 1 LA B v ]
. . . \ ' '
oo '~.1 LoLr ) Amm@asc
P e
10000 L + T . ) 0 + 1
7 Voo
1000 R 0 ' : ) 1 1 1 1
¢ A I A A
o ] 1 i i 1 il 1 t 1
L i} 1 o 1 1l T i} 1
3 4 r N 1 [ ' i) 1
10 ) > ] 1 1 ] 1] 1
. h ) ) , : ! . I
] ’ i ’ 1 1 1 i [}
. ' s X?,K ) ' | ' J }
e 00 a0 300 @0 500 o0 o -] L
Gk Careat (pAécmtR)
Front Kluminated Nitride cover 53
Back surface Boron Nitride + H, anneal Dark Current {(e/fsec)
Minimum Nene 8000
Smali None 419
small Yes 133 [14)
Medium Yes 57
High Yes 76
TESEBO0Y Dyropunsioncs B fun 32
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ANGULAR RESPONSE

Slight increase in relative angular response Is due to optical path difference

BACK FIELD

Boplag (a6}

[
o=

Cistmcs bo® tash ewtace fam)

g
5

» Simulated Nominal Back doping
gradient and electric field

o Back-field drives minority carriers
towards front

» Back-field suppresses Cross-talk

» Proper doping gradient is
extremely important !

B
sagieie) (%) 3OO X

Dark rats {8.u.)

s

[ 21

- 17
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RTS NOISE REDUCTION

Con = 1.5 pF; Gy~ 45 uV/e; Tyu S 3pA

» Source follower as the main source of RTS
= Both modal noise and noise spread is reduced by length increase

MANUFACTURABILITY
ISSUES

- 18
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SUPPORT WAFER BONDING

Acoustic micograph of low-temperature oxide-oxide bonded
support wafer (courtesy Ziptronix, Inc.): Ho voids

Passes die-level thermo-mechanical tests (thermal shocks and

temperature cydes)
Alternate schemes? N
BEWOIS Syrapasiun & Puin 37
“PEEL OFF”
DELAM!NATIO EDGE EXCLUSION

EERT

Sawing Process optimization to
prevent delamination

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

o 19
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THE THREE THINGS ...

A Back illumination

Front Hlumination

AR STACK OPTIMIZATION

Transmission

400 450 500 550 600 850 00
Wavelength {am)

s Excelient AR stack can be achleved with SiN/SIO layers
«Need to ensure that angular response is acceptable
«BOX not the ideal-cholce for 1% AR layer

* 20
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DARK CURRENT with AR STACK

1.E+08

1.E305 1

100
Dark Count {LSB)

BOX etching does not increase dark u:,rnehf,\if done righti

CROSS-TALK

Problem area
Correct giadient: sharper the beﬂh_

16184 \ e

1E47

Boron cone (fem3)

1E16 4

1E15 4

100 125 150 175 200 225 250 275
deptn (um)

21
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CROSS-TALK TRADE-OFF

|

deeper field penetraﬁon ;
. Opﬁmi:e smoon thldmm

. ModlfyCFA?
. Modlfy mlaolens
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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), (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 30X 30 cm?
modules and a certified champion efficiency of 13.1% for the first 60 X 90 cm® demonstrator module (unencapsulated). First Cd-
free 30X30 cm? 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 veritied. 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),; Cu(In,Ga)Se,; 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

*Corresponding author. Tel.: +49-89-636-58726; fax. +49-89-
636-58702.
E-mail address: joerg.palm@shell.com (J. Palm).

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
10X 10 to 60X 90 cm? substrate size has been success-
fully accomplished in the past 2 years by demonstrating
average efficiencies of 11% on 30X30 cm® modules
with CIGSSe absorbers selenized and sulfurized on
60x90 cm? 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 CulnSe, 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

0040-6090/04/$ - see front matter © 2003 Elsevier B.V. All rights reserved.
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increased module efficiency due to improved open
circuit voltage and fill factor. Excellent 7—V-character-
istics for the first 60X 90 cm? 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 30%x30 c¢cm?® 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 surlace.
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

i Ma 2 Puternd 3 Na-compound 4. RTP-CEGS 5. Cas-Bip
Laser  and Cu(Gapto/Se  formation

11 Encaps. UL Contact, 9. Dice

8. Pattern 3
mechameat

Thia film edge delfetiom at the
perimeter of the subsirate

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-ALQO, target.
The patterning of Mo (P1) uses a pulsed laser operating
in the nearinfrared. 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 cm? substrates. The subsequent
module processing steps from CdS to contacting and
encapsulation are usually performed on 30X30 cm*
format. The Munich pilot line is also capable of 60X90
cm? 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.

R

. An(} 6. Pattern 2
mechanicst

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—voltage (J-V) measurements were performed
on a constant light source solar simulator at standard
test conditions (25 °C, AM1.5).

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
Culn, the precursor contains mostly Cu,,(In,Ga), when
prepared by magnetron sputtering. Above the Se melting
point (220 °C) Cu,,(In,Ga), decomposes forming
In,Ses, Cu,_,Se and CuSe. The rest of Cu,,(In,Ga),

converts at approximately 310 °C into Cu,c(In,Ga),.
When Cu,6(In,Ga), is consumed, rapid decomposition
of CuSe and In,Se; occurs and InSe and Cu,_,Se form.
InSe and Cu,_,Se are the direct binary precursor phases
from which CulnSe, 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 Cu, ,Se 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 Culn,,Ga,eSe, is located below the
pure CIS-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’); (1)
sulfur was present only at the T,.-plateau (process
‘P*); (IM) 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 confirm the relative differences, see Fig. 5.

500 ;
1250 1% R
1000 |
750

500

250

0

SIMS counts

68 &1 02 02 B4 05
Dapth {um}

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

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. Iig. 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 Cu,Se. Brummer et al. [9] observe by in situ-
XRD that the Cu,Se phase transforms with InSe into
Cu(In,Ga)Se, above 380 °C. The fraction of remaining
Cu,Se 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 H,Se) and sulfuri-
zation (by H,S). Hence, all results are in agreement
with the model that S incorporation is more efficient in
the ramp phase because sulfur can rapidly diffuse

46 : . 7 :
08% 0590 082 0% 096 098

Cuf(fn+Ga)

Fig. 6. Atomic concentration of Se (left axis) and S (right axis) for
process ‘R&P’ as obtained from XRFA.
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Fig. 7. SIMS profile of Mo, Ga, S, Se and Cu, normalized to the
maximum values (process ‘R&P’).

through residual Cu, ,Se 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),. 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.

100000 :
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SIMS counis

1 o8, 016~096

100
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0.0 0.5 LG L3 290
Position (pm)

Fig. 8. SIMS profile of S and Se (semilogarithmic scale) for two
different CIG ratios {process ‘R&P’).
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Table 1

1-V data of 30X30 c¢m? circuits with absorbers from different RTP processes

Process type mn Voe Jee FF
(%) (mV) {(mA/cm?) (%)
S in T-ramp and T,-plateau (‘R&P") 11.0 531 31.9 65
S in 7 -plateau (‘P") 11.0 509 333 65
S in 7-ramp (‘R’) 9.2 488 322 59
Current optimum 11.9 543 328 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 V., 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/
cm?). 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 11.440.4% (average) across six modules 30X30
cm® of the same RTP run (60X 90 cm?).

3.4. Pilot line circuits: performance

The pilot line circuit efficiency on 30X 30 cm?® large
substrates is shown in Fig. 9 yielding an average

i4

I
B 12 b —— By |
:: » e Mean Efficiency!

* » :

E 11 ettt St |3 Giging bottom |
B ¥ N LI IR : :
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& &
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o 10

9 ;;;;;;;;
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Fig. 9. Pilot line efficiency process control chart of 30X 30 cm? large
unencapsulated modules: average aperture area efficiency at 11%.

efficiency of close to 11%. A CBD-CdS/sputter i-ZnO/
7ZnO:Al window layer was applied. Fig. 10 illustrates
the efficiencies of the six 30X30 cm? 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 30X 30
cm? 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
30X 30 cm? 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

Efficiency (%)

Fig. 10. Efficiencies of six 3030 cm” circuits of a single RTP run.
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Fig. 11. SEL-RTP-processed CIGSSe 30X 30 cm” large modules pass damp

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 30X 30 cm® circuits

In order to replace the toxic CdS buffer layer by an
alternative buffer, free of heavy metals, Zn(S,0OH) 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,0H) 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 AM1.5 at 25 °C with

heat test according to IEC 61646 with low-cost glass—glass package.

device structure was completed by MO-CVD of the
7Zn0 front electrode.

The 7I-V data of the 30X30 cm” unencapsulated
modules with Zn(S,0H) and CdS buffer layer are given
in Table 2. Note that all samples belong to the same
60X90 cm?® 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 60X 90 cm®

Recently, the very first unencapsulated modules based
on 60X90 ¢cm? processed SEL-RTP CIGSSe absorbers
were processed. For that purpose the 30X 30 ¢cm? proc-
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a constant light solar simulator after 30 min light soaking -0.04 - < :
- -15 -5 5 15 25 35
Buffer (%) V.. (mV) I.(mA/cm?) FF (%)
Voltage [V}
Zn{S,0OH) best module 11.9 519 35.1 65.4
Zn(S,0H) average of 4 11.7 523 34.6 64.8 . ) . e L
CdS reference’® 123 537 345 66.3 Fig. 12. I-V characteristic of the best CIGSSe-based circuit with

7n(S,0H) buffer layer.
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Table 3
Certified I-V-characteristics of the champion 60 X 90 cm? 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 (cm?) 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 cm?
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
7Zn0O 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 /cm? 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 cm?® modules and a certified
champion efficiency of 13.1% for the first 60X90 cm?
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 cm® circuits yield up to
11.9% efficiency when the CBD-CdS film was replaced
by a CBD-Zn(S,0H)-buffer layer.

From fundamental investigations to product oriented
development the given results are a strong confirmation
of the technology concept based on the SEIL-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 Zn(a:Al FILMS FOR THIN FILR
SOLAR CELL APPLICATIONS ARD COMPARISON WITH COBMERCIAL AND
FLASMONIC ALTERNATIVES
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ABSTRACT lrradiation 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 {luence was used to illuminate an initially flat surface, non-
aligned nanoparticle strings were obtained. However, if part
of the irradiated area was microstructurcd, 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

Aaser-induced surface microstructuring of silicon
has beengidtensively 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 3 J/cm? two distinct
processes can take place sequentially as a result of cumulative
laser irradiation. Shallow depressions evolve and can reach
adepth of a few micrometers and a separation distance of 20 to
30 wm [7]. These depressions are initially sparsely distributed
on the surface, but ncw 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 vacuumor Ar,
this surface relief continuously builds up with the number of
laser pulses, up to 10000 pulses [8].

In a reactive atmosphere like SFs, the same evolution is
initially observed in the same fluence range. but more dra-
matic changes occur after 600 pulses. Additional irradiationin
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SFe 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
cvolution just outlined. After ~ 400 laser pulscs, the surface
relief depends only on the crystallographic oricntation of the
laser-exposed surface. The optical image acquired with No-
marski contrast shown in Fig. 1a 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. 1b, 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 SFs and
thus the etching activity [8]. The third stage (Fig. Ic) 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 < | J/em? 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-
nologics, since long-range ordering of nanostructurces 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-305i KrF excimer laser (248-nm
wavelength), with a pulse duration of 25 ns. Unless otherwise
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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 MgF,-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 10~7 Torr

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

1300 pulses (c)

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 SF¢ atmosphere, to produce
a cone relief.

Native oxide layer removal was done by immersing the
specimens ina 10 : | 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).

Figure Laser fluence (J/cm?) Number of Composition and pressure (Torr) Initial surface Final surface structure
number  and polarization (p,np)* pulses of irradiation atmosphere topography
2 08p 400 Vacuum | x 10~ Smooth” Nanochannels
3 0.6 np 450 He 100 Smooth® Nanoparticles
4a 0.6np 500 He 100 Smooth¢ Nanoparticles
4b 0.6 np 700 He 100 Smooth® Nanoparticles
5 I np 200 He 100 Smooth“+ Cones Nanoparticle clusters and
ordered nanoparticle array
6 ! np 200 He 0.5 Smooth®+ Cones Ordered nanoparticle array
7 0.5 np 2000 He 10 Microcones Nanocolumn (Start)
8 0.5np 0-10000 He 10 Microcones Nanocolumn on top of cone
9 0.5np 15000 He 10 Microcones Nanocolumn on top of cone

¢ p: polarized; np: non-polarized
¥ native oxide present in surface
“ native oxide removed

TABLE 1 Summary of experimental conditions related to figures
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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 0.7J/cm? and a vacuum pressure of
5 x 1075 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 1076 Torr, at a laser fluence of
0.8 J/cm?. 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, A. 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 cach 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 light at normal incidence. Laser wavelength: 248 nm; fluence:
0.8 J/cm?; 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 flucnce of 1 J/cm?
in a 10 Torr background pressure of He and for 6 = 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 10.6to 0.193 pm. 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-LIPSS have been
demonstrated in silicon.

The most often encountered penodlc structures are those
whose wave vector is parallel to the projection of the electric
ficld on the surface plane [12]. These ripples or fringes were
found mostly when the electromagnetic field was linearly po-
tarized, 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 6 and the laser wavelength A:

A
[ET
As can be seen from Table 2, the line-spacings calculated
using (1) for the case of & = 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,

»
A= ——, )

cos @

Ay = (1)

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-
lartoit[14, 15].

Apeasured (nM) A= ﬁ{m‘; A= I—:mﬂ
204 197 -
335 - 331
TABLE 2 Measured and calculated line-spacing of LIPSS
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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 flucnces close to
1 J/cm? and using a background atmosphere of uitra 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/cm? 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 1072 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 lascr light [24]. We have obscrved film-denuded
Zones, | to 2 wm 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/cm?,
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/cm?; they had a height of 20-30 pwm and tips of a few
micrometers in diameter [6-8]. A typical microstructure is
shown in Fig. lc.

The irradiation in He resulted in film deposition and the
formation of linear arrays in the regions of the irradiated sub-

Nanoparticles formed under 100 Torr He, after 450 pulses at

FIGURE 3
0.61/cm?
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FIGURE 4 Motion of nanoparticles followed in-
side encircled region. a 500 pulses; b 700 pulses.
Fluence: 0.6 J/cm?; He pressure: 100 Torr
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FIGURE S SEM image showing film clustering, and nanoparticle forma-
tion and ordering. Specimen irradiated with 200 pulses at 1J/cm? under
100 Torr He

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 [fuence
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 wm) 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-

FIGURE 6 Laser-induced nanoparticle linear array in the vicinity of
a microstructured region of the surface. Fluence: 1]/cm2; 0.5 Torr He;
200 pulses

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/cm?. The irradiated area
was rectangular and we utilized a beam size of approximately
7mm x 3mm. 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.

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-

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

A silicon target, microstructured as shown in Fig. Ic, was
irradiated at 0.5 J/cm? 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 flatsurface) 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. 9¢).
Finally, after 10000 pulses the nanocolumn had a height of
3.1 um 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 wm 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

M 2 ’ ‘
FIGURE 8 Nanocolumns growing on microcone tips. Fluence: 0.5 J/cm?,
2000 pulses, He pressure: 10 Torr

SIONYX1403000041.0085

SAMSUNG EX. 1002 - 507/4148



PEDRAZA etal. Surface nanostructuring of silicon

283

FIGURE 9 Nanocolumn evolution
upon laser irradiation at 0.5 J/cm?
in 10Torr He. a initial cone tip;
b 1000 pulses; ¢ 2500 pulses; d 5000
pulses; e 8000 pulses; £ 10000 pulses

300:‘1 ST e J

FIGURE 10 Tip of same nanocolumn as shown in Fig. 8, after 15000 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 15000 pulses because a film covers a large por-
tion of the substrate. Also, after 15000 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. 9¢ are formed at the top of
the microcones. However, in vacuum these protrusions do
not grow additionally and after 10000 pulses they tend to
flatten.

These experimental observations suggest that the initial
protrusion at the top of the microcones (Fig. 9b and ¢) 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 lrradiation 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 {luence was used to illuminate an initially flat surface, non-
aligned nanoparticle strings were obtained. However, if part
of the irradiated area was microstructurcd, 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

Aaser-induced surface microstructuring of silicon
has beengidtensively 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 3 J/cm? two distinct
processes can take place sequentially as a result of cumulative
laser irradiation. Shallow depressions evolve and can reach
adepth of a few micrometers and a separation distance of 20 to
30 wm [7]. These depressions are initially sparsely distributed
on the surface, but ncw 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 vacuumor Ar,
this surface relief continuously builds up with the number of
laser pulses, up to 10000 pulses [8].

In a reactive atmosphere like SFs, the same evolution is
initially observed in the same fluence range. but more dra-
matic changes occur after 600 pulses. Additional irradiationin
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SFe 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
cvolution just outlined. After ~ 400 laser pulscs, the surface
relief depends only on the crystallographic oricntation of the
laser-exposed surface. The optical image acquired with No-
marski contrast shown in Fig. 1a 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. 1b, 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 SFs and
thus the etching activity [8]. The third stage (Fig. Ic) 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/em? 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-
nologics, since long-range ordering of nanostructurces 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-305i KrF excimer laser (248-nm
wavelength), with a pulse duration of 25 ns. Unless otherwise
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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 MgF,-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 10~7 Torr

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

1300 pulses (c)

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 SF¢ atmosphere, to produce
a cone relief.

Native oxide layer removal was done by immersing the
specimens ina 10 : | 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).

Figure Laser fluence (J/cm?) Number of Composition and pressure (Torr) Initial surface Final surface structure
number  and polarization (p,np)* pulses of irradiation atmosphere topography
2 08p 400 Vacuum | x 10~ Smooth” Nanochannels
3 0.6 np 450 He 100 Smooth® Nanoparticles
4a 0.6np 500 He 100 Smooth¢ Nanoparticles
4b 0.6 np 700 He 100 Smooth® Nanoparticles
5 I np 200 He 100 Smooth“+ Cones Nanoparticle clusters and
ordered nanoparticle array
6 ! np 200 He 0.5 Smooth®+ Cones Ordered nanoparticle array
7 0.5 np 2000 He 10 Microcones Nanocolumn (Start)
8 0.5np 0-10000 He 10 Microcones Nanocolumn on top of cone
9 0.5np 15000 He 10 Microcones Nanocolumn on top of cone

¢ p: polarized; np: non-polarized
¥ native oxide present in surface
“ native oxide removed

TABLE 1 Summary of experimental conditions related to figures
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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 0.7J/cm? and a vacuum pressure of
5 x 1075 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 1076 Torr, at a laser fluence of
0.8 J/cm?. 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, A. 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 cach 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 light at normal incidence. Laser wavelength: 248 nm; fluence:
0.8 J/cm?; 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 flucnce of 1 J/cm?
in a 10 Torr background pressure of He and for 6 = 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 10.6to 0.193 pm. 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-LIPSS have been
demonstrated in silicon.

The most often encountered penodlc structures are those
whose wave vector is parallel to the projection of the electric
ficld on the surface plane [12]. These ripples or fringes were
found mostly when the electromagnetic field was linearly po-
tarized, 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 6 and the laser wavelength A:

A
[ET
As can be seen from Table 2, the line-spacings calculated
using (1) for the case of & = 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,

»
A= ——, )

cos @

Ay = (1)

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-
lartoit[14, 15].

Apeasured (nM) A= ﬁ{m‘; A= I—:mﬂ
204 197 -
335 - 331
TABLE 2 Measured and calculated line-spacing of LIPSS

SIONYX1403000041.0090

SAMSUNG EX. 1002 - 512/4148



280 Applied Physics A - Materials Science & Processing

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 flucnces close to
1 J/cm? and using a background atmosphere of uitra 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/cm? 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 1072 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 casc, 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 lascr light [24]. We have obscrved film-denuded
Zones, | to 2 wm 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/cm?,
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/cm?; they had a height of 20-30 pwm and tips of a few
micrometers in diameter [6-8]. A typical microstructure is
shown in Fig. lc.

The irradiation in He resulted in film deposition and the
formation of linear arrays in the regions of the irradiated sub-

Nanoparticles formed under 100 Torr He, after 450 pulses at

FIGURE 3
0.61/cm?
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FIGURE 4 Motion of nanoparticles followed in-
side encircled region. a 500 pulses; b 700 pulses.
Fluence: 0.6 J/cm?; He pressure: 100 Torr
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FIGURE S SEM image showing film clustering, and nanoparticle forma-
tion and ordering. Specimen irradiated with 200 pulses at 1J/cm? under
100 Torr He

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 [fuence
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 wm) 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-

FIGURE 6 Laser-induced nanoparticle linear array in the vicinity of
a microstructured region of the surface. Fluence: 1]/cm2; 0.5 Torr He;
200 pulses

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/cm?. The irradiated area
was rectangular and we utilized a beam size of approximately
7mm x 3mm. 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.

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-

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

A silicon target, microstructured as shown in Fig. Ic, was
irradiated at 0.5 J/cm? 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 flatsurface) 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. 9¢).
Finally, after 10000 pulses the nanocolumn had a height of
3.1 um 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 wm 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

M 2 ’ ‘
FIGURE 8 Nanocolumns growing on microcone tips. Fluence: 0.5 J/cm?,
2000 pulses, He pressure: 10 Torr
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FIGURE 9 Nanocolumn evolution
upon laser irradiation at 0.5 J/cm?
in 10Torr He. a initial cone tip;
b 1000 pulses; ¢ 2500 pulses; d 5000
pulses; e 8000 pulses; £ 10000 pulses

300:‘1 ST e J

FIGURE 10 Tip of same nanocolumn as shown in Fig. 8, after 15000 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 15000 pulses because a film covers a large por-
tion of the substrate. Also, after 15000 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. 9¢ are formed at the top of
the microcones. However, in vacuum these protrusions do
not grow additionally and after 10000 pulses they tend to
flatten.

These experimental observations suggest that the initial
protrusion at the top of the microcones (Fig. 9b and ¢) 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 complexes in silicon
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We report fisst-principles calcnlations i terms of which we deseribe the role of hydrogen in
passivating or activaling oxygen compiexes in Si. In particular we find that attaching H to a
pre-existing oxvgen chister can change the electric activity of the cluster. Purthermore, the addition
of a hydrogen atom in the core strocture of thermal donors can account for the NLIO
clectron-paramagnetic-resonance signal. The interaction of H with the thermal-donor-like defects at
the Si—8i0, is also discussed. © 2007 American institute of Physics. [DOL 10.1063/1.1355297]

Hiectrically active oxygen complexes i Si (double-
donor defects), known as shallow “‘thermal donors’ (TDs),
appear after annealing Si crystals at temperatures of
400500 °C. Since their discovery a few decades ago,' ex-
tensive expedimental’™ and theoreticat® ! studics have been
done, but many questions about TDs remain unsettled. For
example, deep-level-transient-spectroscopy  measurements
show that TDs can be passivated by hvdrogen incorporation
only partially, ie., a sizeable number of clectrically active
defects still remains in the sample after hydrogenation.' >
This effect 18 contrary to the established behavior of hydro-
gen in Si as a passivator of dopant impurities!® Also,
electron-paramaguetic-resonance (EPR) measurements have
provided evidence that hydrogen plays a prominent role in
the formation of the Si—-NLIO centers with orthorhombic
symmetry.* These centers have been related to the TDs’
Hydrogen s believed to passivate one of the two electrons of
the oxvgen complexes and convert them info shallow single
donors. Recent infrared measurements® also show that the
spectral features that correspond to shallow single donor lev-
els are correlated to the concentration of the 81-NL10 cen-
ters.

The carhier experimental data clearly show that hydrogen
can be incorporated mnto the core of TDs. In this letter we
present first-principles caleulations that reveal several pos-
sihle mecharasins of passivation of oxygen complexes in sihi-
con. We find that hydrogen can attach to the TD complex
and transform double shallow donors into single donpors.
Also, the attachioent of a hydrogen atom cao stabilize a sym-
metric cote structure of T, accounting for the orthorhombic
NL1J EPR signal. Finally, we find that H can actually acti-
vate elecirically mmactive 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.’” We used a planc wave basis set, ultrasoft
pseudopotentials'® and periodic sopercells of 32 aud 64 at-
oms.  Oxygen  pseudopotentials  have a history  of
difficulties \™'7 The ones used for the present study have

ctropic mail: sergery.rashkeev@vanderbili.edu
zsent address: Department of Physics, Virginia Polytechnic Institute and
State University, Blacksburg, VA 24061-0435.

tyi

heen thoroughly tested in earlier work opn a variety of
8i-0-H systems.’®!? The energy cutoff for the basis set was
24 Ry, and only one special K point was used for the evalu-
ation of the self-consistent electron density.” Tests with
larger number of k points indicate that formation energies
are converged to better than 0.2 eV,

Theoretical calculations' ™47 have already estab-
fished that for an oxvgen trimer the staggered-chain configu-
ration [Fig. 1(a}] has the lowest energy and has no states in
the band gap. There exists, however, a metastable configora-
tion, electrically active structure that has been identified as
the smallest thermal donor'H'® [Fig. 1{(®)]. The symmetric
configuration of Fig. 1{c) originally proposed in Ref. ¢ as the
core of thermal donors, is actually unstable’® against a dis-
tortion that Jeads to the configuration of Fig. 1(b)."® Addition

{601}
(110}

FIG. 1. The swable elecwrically inactive state of oxygen trimer in bulk
silicon-staggered chain (a}, the T from Ref. 18(b}, and the symumetric TD
mucture copsidered in Ref. 10{c). Empty circles correspond to the silicon
oms, fifled {o the oxygen atoms.

1y
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{061}
{116}
FIG. 2. H interaction with the T structure. Hydrogen atows are shown by
small blka circles.

of more (O atoms in adjacent 5i-St bonds in some cases
CAuSEs t‘..mi%ion of 81 interstiial and formation of 510,
prcci*)itai& and 18 some cases simply makes the TDs shai-
lower (see later).

Iir the present caleulations, we investigated interactions
of atouxic H with oxygen complexes. In each of the cases, we
used total energy calculations to identify low-energy stable
configueations that can cecur experimentally over long times
{thermodynamic limit). In most of the cases we also esti-

mated reaction pathways and barriers because seme reactions
can be prohibited by kinetic constraints.
Now et us consider the interaction of a single H atom

with O complexes. At hydrogenation regimes corresponding

o Ref. 13 (7<200°C) oxygen cannot be kicked out by H
because the barrier for O atom to move away, re., the mi-

gration activation energy is very high (2.5 eV}.'% In that case
H can only attach to oxygen complexes.

Attaching to electrically active double shallow donor H
can transformn the defect into a single shallow donor. An
cxample of such a “partiall‘f passivated”’ single dogor struc-
ture 13 shown in Fig. 2 (the resolt is valid for all of the cases
when H attaches between the two St atoms that have bonds
with the three-coordinated oxygeuns). These single-donor
structures can contribute to the infraced 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 wakes hoth 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 2!

Inn some cases, H ean activate electrically inactive oxy-
gen complexes. In 51, a single H atom prefers to stay i the
middie of Si- 51 boud. In the presence of O one can expect a
formation of combined staggered chains which mnvolve both
(b and H atoms. The clectric activity of such chains depends
on the sequence of O and H atoms involved. For example,
the O--0—H chain {Fig. 3(a)] is a single shallow donor {ad-
dition of hydrogen activates the inactive 0-O complex). At
the same time, the H-O-H chain [Fig. 3(b}] is completely
inactive.

We also tried to identify the Si-NLIO complex with
orthorhombic syrametry observed in EPR fe,:»(perin'lams.4 A
good candidate 1s the symmetric strocture shown in Fig. 4
(single dovor) which was obtained by atiaching a H atom to
the symunetric TD structure of Fig. 1{c). The H atom stabi-
lizes the symmetric structure (withowt H it transforms into
B3y Eih, umfwu aﬁon} obably bs,CﬂU%O H is loca

A \.~\~.,“A)\»\.
SR IEILEION [RNFRCT W &I ae

Rashkeev, Di Ventra, and Panteiides

[061]

[110]

FIG. 3. The O-0-H cluster {a}, and H-O-H staggered chain (b).

close 1o the so-called C position of the Si crystal™ that has a
high electron density and is attractive for acuteal hydrogen.

‘The most important fact is that for H involved in all of
the O coroplexes considered earber, the biading euergies
{0.5-0.7 eV) and the barriers to move H atom to nearest
interstitial {0.6-0.8 ¢V) are quite low. They are comparable

iith the diffusion barrier (~0.4eV) for neotral H in §1.22
This means that H atoms can be easily activated and re-
moved from the complex. The structore nnmediately regat
its original electric activity, i.e., the processes of H passiva-
fion and activation of oxygen u)mpicmvs are reversibie. This
is in agreement with measurements > which show that the
H passivation of Ths is imcomplete, and a sizeable number
of electrically active defects still reqrains in the sample after
hydrogenation.

At higher temperatures (400-500°C), the oxygen at-
oms becorme mobile and can travel between interstitials.
such a case H can kick off and replace an oxygen atom.
When hydrogen atom replaces one oxygen atem from the
TD, the total energy of the final configuration is 0.1-0.3 eV
fower thao 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 Pantelides'® it
was shown that addition of a ““fowrth” O atom to the core of
a TD fe.g., Fig. 1(b)] pushes the central 81 atom it an
1nterstitial position. This St emission climinates the electrical

S

[001]
[110]

FIG. 4. The symmetric
tached H atom.

SONEE G S0

{orthothombic) TD structure stabilized by an ai-
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{b)

901 ;
L;ﬁm

s into the 8i side of a Si--Si( intexface
chain {(a}, thermal donor complex (b).

FIG. 5. 810, protousi

activity as the system is left only with poroaal 51-0-8i and
8181 bonds. It was proposed that the same process can ac-
copat for the observed ermssion of Si atoms during thin-film
oxidation. In other words, new O atcms arriving at the
81510, interface can lead to the formation of TD-like de-
fects. We have now performed such calculations using the
model interface of Buczko ef ol and indeed found that TD-
like defects form as protrusions (Fig. 5). As in the bolk 51,
the T} stiucture is metastable. Hvdrogen can attach fo these
stractures but the binding energy is lower than 1 eV, At the
temperatures at which oxidation ccewrs (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
pew position is also lower than 1 V. Thus, we conclude that
H can also climinate the “‘frustrated O bonds’” {remove
thiree-coordinated O} at the interface, in addition to the pro-
cess of the emission of 51 interstitials described in Ref. 18.
However, the interaction between H and 81810, interfaces
has many other aspects that are reported elsewhere.”
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Nanosecond Excimer Laser Processing for
Novel Microelectronic Fabrication

Stephen D. Russell, Ayax D. Ramirez, and
Eugene P. Kelley
S8C 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 deeply 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-
lluminated 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].

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,

€rr

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

fie —e#ect transistors. This
technology enables spatially
localized thermal processing
and ultra-shallow junctions
amenable with next-
generation, deeply scaled
microelectronic devices.
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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-resclution imaging, uniform responsivity, and
short wavelength response. To eliminate these problems, backside-
lluminated 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 wm thick) across the active
area of the array by wet etching the (100)-oriented silicon wafer with a
potassium hydroxide (KOH) solution. The ROH 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 oprical 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 llumination 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 1. 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

SIONYX1403000041.0100
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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 (CyCIF5) was chosen as I
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. |- S |
Figure 2 shows a scanning electron microscope (SEM) cross section of
the microscopically etched features that serve as a trap to scattered ligh.
The CCD received a total of about 100,000 laser pulses, corresponding to
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].

FIGURE 2. SEM of laser-etched surface.

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 CCD:s 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- b

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/cm?. Numerous defective pixels (designated in red), FIGURE 4, CCD dark current.

FIGURE 3. Laser-etched CCD responsivity.
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with dark currents exceeding 11 nA/cm? are present. Figure 5 shows the I ]
dark current map following the laser process. Note that all defective pix- : Pw

els were improved. The mean dark current of the 8100 pixels in the array
decreased from 9.958 nA/cm? 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/cm? 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.

TABIE 1. Laser Processing Parameters. i |
i ] FIGURE 5, Laser-annealed CCD dark current.

Parameter Typical Value Range

implant dose and species 5%10" jons/cm? boron 1x10% to 1x10" jons/
cm? 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/em? 0.7 to 2.0 J/cm?

laser wavelength 248 nm 157 to 351 nm

laser intensity profile tophat, <5% < 10% nonuniformity

nonuniformity
laser temporal profile 23 ns 1010 30 ns
number of laser pulses 10 1o 10

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 2 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 11B-enriched boron trifluoride
atmosphere. The samples were illuminated at 1.3 J/cm?2 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- 1
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 mazimum
carrier concentration of 3.4 x 1018 cm-3 with a junction depth of ~90 nm.
The abruptness of the pr junction edge is characteristic of a laser-formed
junction where enhanced diffusion occurs during the molten phase. 7
Given the nearly uniform distribution throughout the melted region, a

boron diffusion coefficient of ~2.3 x 10-3 cm2/sec was calculated, which

2
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is an order of magnitude greater than that reported for boron in silicon. 1 1

Little change in carrier concentration is observed with increasing pulses, 0.0 0. 02
and demonstrates that a single laser pulse can incorporate and simultane- DEPTH {um)

ously activate dopants in SiC [5]. This technique may be applied to the l |
fabrication of low-resistance contacts or shallow junctions in the source FIGURE 6. GILD pn junction in SiC.

and drain regions of SiC field-effect devices.

SUMMARY

The localized, nanosecond thermal processing offered by an excimer laser
bhas 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 alsoc 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,

REFERENCES

1. Russell, S. D. and D. A. Sexton. 1989. "Excimer Laser Thinning of Backside
Iluminated CCDs," NOSC TD 1697 (November), Naval Ocean Systems
Center (now SSC San Diego), San Diego, CA.

2. Russell, S. D. and D. A, Sexton. 1990. "Excimer Laser-Assisted Etching of
Silicon Using Chloropentafluoroethane,” in R. Rosenberg, A. F. Bernhardt
and J. G. Black, eds., In-Situ Patterning: Selective Area Deposition and
Etching, (Materials Research Society Proceedings, vol. 158, Pittsburgh, PA,
1990), pp. 325-303.

3. Russell, S. D. and D. A. Sexton. 1991, "Responsively Uniformity
Enhancements for Backside-Illuminated Charge-Coupled Devices (BICCDs)
by Exzcimer Laser-Assisted Etching," NOSC TD 2103 (May), Naval Ocean
Systems Center (now SSC San Diego), San Diego, CA.

4. Russell, S. D. 2002. "Excimer Laser Processing of Backside-Illuminated
CCDs," Technology 2002 Conference Proceedings, NASA Conference
Publication 3189, vol. 2, 1993, pp. 296-303.

5. Russell, S. D. and A. D. Ramirez. 1999. "In-Situ Boron Incorporation and
Activation in Silicon Carbide Using Excimer Laser Recrystallization,”
Applied Physics Letters, vol. 74, no. 22, pp. 3368-3370.

SIONYX1403000041.0103

SAMSUNG EX. 1002 - 525/4148



Nanosecond Excimer Laser Processing l 233

This technology is the subject of one or more patents assignable to the
U.S. Government, including U.S. Patent Numbers 6,204,160; 5,840,592;
5,688,715; 5,385,633; 5,348,609; and 5,266,532. Licensing inquiries may
be directed to: Office of Patent Counsel, (Code 20012), SSC San Diego,
53510 Silvergate Avenue, Room 103, San Diego, CA. 92151-5765; (619)
553-3001.

L ] I J

Stephen D. Russell Ayax D. Ramirez

Ph.D., Physics, University of MS, Physics, San Diego State

Michigan, 1986 University, 1991

Current Research: Microsensors; Current Research: Microsensors;

photonic devices; optoelectronics; photonic devices; optoelectronics;

microelectromechanical systems microelectromechanical systems

(MEMS); laser applications. {MEMS); laser applications.
Eugene P. Kelley

BS, Electrical Engineering, San
Diego State University, 1971
Current Research: Micro-
electronics; silicon-on-insulator
devices and circuits; laser
processing of semiconductors.

SIONYX1403000041.0104

SAMSUNG EX. 1002 - 526/4148



228 i

Nanosecond Excimer Laser Processing for
Novel Microelecironic Fabrication

Stephen I, Russell, Ayax D. Ramirez, and
Eugene P, Kelley
58C San Diego

INTRODUCHION

As microelectronic devices continue to shrink in lateral dimensions, there
is 2 concomitant requirement to simitarly 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 deeply scaled (less than 0.25 micron) dimensions. Excimer laser
progessing is a novel technique for microelectronic materials processing
because it offers spatially localized thermal processing and 2 very small
thermal budget {on the order of tens of nancseconds). This technique has
been used to anneal jon-implanted dopants and to incorporate dopants
from 2 gaseous ambient into the semiconductor device two form electrical
junctions. It has also been used to control laser-assisted erching processes
1o locally remove material from the semiconducior layer.

This paper summarizes progress in using manosecond excimer Jaser pulses
in the fabrication of novel microelectronic devices such as backside-
Hlominated charge coupled devices (CCDs) and silicon carbide field-
effect wwansistors, The $8C San Diego laser-processing laboratory employs

‘an ezcimer laser beam directed into an optical path that homogenizes and

shapes the intensity profile to provide uniform illunination across the
area to be processed without scanming the beam. This is required because
the intensity profile emitted by the excimer laser exhibits both spadal and
temporal {pulse-to-pulse) non-uniformities and must be correctly shaped.
The subsequent shaped and homogenized intensity profile is divected into
a processing chamber and then onto a semiconductor waler or device to
be processed. The laser-processing system includes in-situ characterization
of the lager process using 2 reflectivity monitor 1o measure the melt dura-
tion of the material, which is an important process control paramerer.
Additional process controls include mass flow controllers for process and
purge gases, evacnation systems, and alignment systems. Details of these
subsystems have been described elsewhere {13,

LASER PROCESSING OF CCDS

CCDs are solid-state electronic imaging devices that read onr image
charges from wells in an areay 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 ilhuminated scenes. Howeves, in astronomics], scientific,

G o

ABSTRACY

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

fie -eéfef:z transistors. This
technology enables spatially
localized thermal processing
and ultra-shallow junctions
amenable with next-
generation, deeply scaled
microelectronic devices.
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and military applications their speciral response, dark current, and other
characteristics are not satisfactory. The gate electrodes of 2« CCD are used
for clocking the resd-out from the imaging array in a “bucket brigade”
axchitecture. These electrodes may be fabricated with thin Jayers of alu-
minum or polysilicon, but constitute an obstacle for high-performance
CChs, which detect the image light after passing through or around the
metal structure, This conventional design exhibits Hmitations for low-
light-level detection, high-resolution imaging, uniform responsivity, and
short wavelength response. To eliminate these problems, backside-
iluminated CCDs are fabricated with analogous circuitry on the fron-
side, but with a thinned area above the pizel array, allowing detection of
the image light by photo-generated charges traversing from the backside
1o the front-side collection electrodes. The benefits of the backside-
lluminated CCD design, however, come with substandal added complexity
in the fabrication process. For example, the backside illumination design
requires forming 2 thin membrane (about 10 pn thick) across the active
area of the array by wes etching the (100)-oriented silicon wafer with a
potassium hydroxide (K OH) solution. The KOFH anisotropically etches
to the (111) crystallographic plane, theveby forming sidewalls at an angle
of 54.7 degrees with respect to the image plane. These sidewalls are
smooth and highly reflective and allow steay light 1o be reflected onto
the image plane, causing spurious images,

A three-dimensional plot of the optical response (i.e., responsivity) of a
typical backside-ilhuminated CCD under constant background ilfumina-
tion is shown in Figure 1, where the x and y coordinates correspond 1o
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 erching rechniques 1o
eliminate this scatrering 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 dlamination of the imaging derector jncrease
overall systenms 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.

LASER-ASSISTED ETCHING

The laser-assisted etching process requires introduction of a0 ambient
into a chamber with the device to be etched and Hllumination of the
CCD sidewall in the presence of the ambient. The process starts with
adsorption of the ambient onto the silicon; faser Hlumination 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 volatlle byproducts; desorpdes
of the byproducts, thereby etching abour one monolayer of the silicon;
and re-adsorption of the ambient and repetition of the eycle. 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 stching process have been described in
detail elsewhere [2]. Chloropenwflunroethane (CoClFs) was chosen as
the etching ambient because it is non-corrosive, has a high euch rate, and
results in a roughened (testured) surface. The non-corrosive parure
{except in the presence of Jaser illumination) enables localized processing
of fully fabricated CCDs without damage vo any portion. A step-and-
repeat process was employed to lluminate regions of the CCD sidewall
with about 5000 laser pulses at each position, resulting in an ewch depth
of about 0.5 mum that produced the desired mart (non-reflective) texture. e |
Figore 2 shows a scanning electron microscope (SEM) cross section of ;
the microscopically etched features that serve as 2 trap to scattered light.
The CCD received 2 total of about 100,000 laser pulses, corresponding to
less than 5 minutes of processing per device {at 400
Hz). The responsivity of a laser-textured backside- !
ilhurainated CCD is shown in Figure 3. This exhibiss

less than 1% responsivity uniformities and a 10

rimes lower background level than unprocessed

devices, showing the benefit of the laser-ewching

process [3].

FIGURE 2. SEM of faser-etched surface,

LASER-ANNEALING AND ACTIVATION OF
ION-IMPLANTED DOBANTS

High-performance, low-lght-detecting CCDs are {
also susceptible to dark current, ie., the thermally
generated charge carriers under zero illumination.
Ezcessive 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 subssquent signal processing circwstry, Dark current effects

in CCDs range frorn individual pixels with excessive dark current 1o high

average dark current and variations in dark current across the imaging

array. While dark current is normally associated with frone-side circuitry,

erystalline damage arising from un-annealed ion-implanted dopants can

lead w0 generation sites for dark current. Therefore, fabrication techniques

o improve the dark current of CCDs are highly desivable. Backside-

illurninated CCs containing a 90-pixel x 90-pixel array were fabricated

and used as a test vehicle for 4 laser-annealing process. The CCDs were

conventional four-phase buried-channel devices. In addition to the dark

current reported in this papes, the CCDs were fully tested for funcdonality !
before and after haser processing to ensure no damage 1o sither the imag-
ing area or the associated electronics. Devices were selected that exhibited
dark current defects, L., excessive average dark current, non-uniformities,
and/or individual pixels with ezcessive dark current. The test devices
were then laser processed in accordance with the parameters in Table 1
and retested {41,

Results of a typical (not best case) laser-annealed sample are discussed
here. This sample was chosen becanse of the unique spiral defect strue-
ture that was "repaired” by laser processing. Figure 4 shows a map of the
dark current for this 90-pixel x 90-pinel array before haser processing, L
with colors corresponding to dark currents ranging from less than 7 to ! !
greater than 11 nfA/om?. Numerous defective pixels (designated in red), FIGURE 4. COD dak current.

FGURE 3. Laser-ewched CCID responsivity.
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with dark currents exceeding 11 nAfom? 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/em? 1o 9.658 nA/cm?2, The standard deviation

of the dack current, which is representative of the uniformity in the array,

decreased from 4.826 nA/em? to 0.812 nA/em?. 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.

TABIE 1. Laser Processing Paramerers.

H

i ]

f

Pavameter Typical Valuse Range

implant dose and species 5x10% ionsfon® boron 1x10% to 1x10™ jons/
cr® boron or boron
diffuoride

implant depth 120 nm 51 15¢ nm

process ambient heltar inert or dopant gases

sample femperature 23°C < 400°C, {restricted
by device)

laser fluence 1.0 Fem? 0.7 to 2.0 Jom?

laser wavelength 248 nm 157 to 351 nm

faser intensity profile tophat, <5% < 10% nonumfermity

nonuniformity
laser wemporal profile 23 us 1010 ¥ ns
number of laser pulses 10 ito 10

FIGURE 5, Laser-annealed CCD dark current.

!

GAS IMMERSION LASER DOPING (GILD) IN SILICON CARBIDE
Silicon carbide (S1C) is 2 semiconductor of wide tnterest because of its
applicabilicy in high-temperature, high-power, and photonic devices and
circuits. Howevey, difficulties in fabrication, as compared to siicon, have
prevented the full realization of its capabilities in these areas. The high
melting potat and lmited diffusion of impurities have greatly limized the
use of 100 implaniation and furnace annealing commonly employed in
the silicon microelectronics industry as 2 means of incorporating and
activating dopants. Such fabrication processes are desirable to produce
seif-aligned ficld-effect transistor structures for use in diserete power
devices or digital logic. Limited success with ion implanting n-type
dopants in $iC, 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 abour
5% activation, insufficient for practical device fabrication. Alternative
techniques are therefore desired to obtain dopant activation, in particular
p-type impurities, in $iC.

6H-81C samples were placed in & processing chamber thar was evacuated
to <107 Torr and back-filled with 2 10 psi 1B-enviched boron wrifluoride
atmasphere. The samples were lluminated at 1.3 J/em? with between 1
and 10 laser pulses with the sample in the doping ambiear. This process,
called gas immersion laser doping (GILIY), enables the dissoctation of the
dopant ambient and simultaneous incorporation of the dopant atoms into
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the semiconductor, thereby eliminating jon implantation. Point-contact
current-voltage measurements (PCIV) were performed in the laser-
Hhuminated region, PCIV, 4 technique analogous 1o spreading resistance
profilometry; is used vo determine the concentration of electrically acti-
wated carriers in compound semiconductors using 3 two-point current-
voltage probe along a polished bevel. Figure 6 shows the electrically
active carrier concentration vs. depth obtained from the PCIV voliage
profiling for one pulse. Boron activation is observed with & mazimum
carrier concentration of 3.4 x 1088 con-3 with a junction depth of ~90 nm.
The abruptaess of the pn junction edge is characteristic of 2 laser-formed
junction where enhanced diffusion occurs during the molten phass.
$iven the nearly uniform distribution throughout the melted regios, 2
boron diffusion coefficient of ~2.3 x 109 cm/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
fabricarion of low-resistance contacts or shallow junctions in the source
and drain regions of SiC field-effect devices.

SUMMARY

The localized, nanosecond thermal processing offered by an excimer laser
has demonstrated the ability to perform localized etching of silicon and
to anneal fon 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 abifity vo incorpo-
rate dopants from a gaseous ambient ioto SiC to form elecrrical junctions.
This advanced processing technique will enable advanees in deeply scaled
integrated circuit processing,
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Enhancement of light trapping in thin-film hydrogenated microcrystalline
Si solar cells using back reflectors with self-ordered dimple patiern
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in this amicle, the light-irapping effect of textured back surface reflectors in thin-fil 8§ solar cells
is investigated. A unique substrate with a periodic dimple patiern has been developed by uiilizing
anodic oxidation of Al a3 a self~ordering process. n-i-p hydrogensted microcrysialline 83 (pe-SiH)
cells fabricated on the Al substrate with a peried of 0.9 um show an improved infrared response
compared 1o those fabricated on rendomly textured substrates. A high short circuit current deasity
of 243 mAiem® has been achieved in a 1-gpm-thick pe-Si:H cell by adopting the patierned Al
substeate, © 2008 Amevican Instinute of Physics. [DOE: 1010631 24993351]

Thin-film 51 solar cells with tandem structures are prom-
ising candidates for future low-cost and high-efficiency solar
cells.’ In the high-efficiency tandem cells, hydogenated
microcrystalline Si {go-Si:H) plays a key role as an absorber
materiad in the bottom or middle cell. For uc-Si:H cells,
fight trapping is crucial to obtain a high current density, as
the absorption coefficient of pe-3i:H is small in the near
infrared (NIR} region. To date, to enhance the light trapping,
various randomly textured substrates have been fabricated
including Sa0, "' and Zn0." When incorporated into
-8 H solar cells, such textured surfaces significantly in-
crease the optical path lengib of the incident light due o (i}
light scattering on textured surface ot obligue angles and (i)
enhanced total internal reflection at the interface within the
cells, However, for go-81:H solar cells, more efficiant Hight
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™’ and photonic
crysials, have been applied to thin-fim Si solar cells. Neve
ertheless, the advamage of periodic structures over random
esures has remained rather ambiguous, The purpose of owr
work is to develop back surface reflectors (BSRs) with grat-
ing structures that exhibit improved light rapping properties
and to demonstrate thelr effectiveness in actual ge-S51H so-
far cells. In this work, we utilize anodic oxidation of Al as 2
seif-ordering process to prepare BSRs with grating strue-
qures, The anodic oxidation allows systematic conwrol of the
grating period and height by stmply changing the wet pro-
cessing conditions.'™'~ Using this approach, self-ordered
dimple patierns with submicron sizes are prepared on Al sub-
strates with high uniformaity as well as large substrate sizes.

According 1o grating theories, a surface grating structure
with 2 period of A>03 pm &5 required o generate dif-
fracted light inside pc-SitH in the NIR region. This means
that BSRs with a grating struciure with A> 03 gam can re-
flect the incident light obliquely, resulting in a longer optical
path length in the uo-8i:H cells. To estimate the diffraction
behavior of BSRs wath grating structyres guantitatively, we
have performed sumerical simulations based on rigorous

“Rlsemonic mail: hitoshi-sai @aist.govp.
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coupled-wave maiyﬁisi‘; using the optical constants of Ag'’
and crystaliine 8. Pigure | shows the calculsted diffraction
behaviors of Ag BSRs with periods of {a) A=0.3 um and
{b) A=09 pm embedded in i as schematically shown in
the inset. For simplicity, here we assums that the gratings
have s two-dimensionally (2D} symmetrical pyramid struc-
mire with a constant aspect ratio £/ A=0.25, where h denotes
the grating height. In this figure, the gray scak indicates the
light intensity reflected at each angle. The pairs of integers in
the bracksts dencie the comesponding diffraction orders for
20 gratings {m.n), where m and n denote the diffraction
orders for the x- and y-directions. As shown in Fig. 110, the
grating with A=0.3 um generates the first order diffraction
at relatively large angles in a wavelength mnge of A
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Fi. §. Calculated diffraction efficiencies of 2D Ag pratings erbedded in 8i
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tion process with average periods of (3) A=0.3 gm and (2} A=0.9 qum and
{c) Asahi-U-type textured 3, on glass,

=0.6-1.1 um, which can contribute (o an increase in the
optical path length. However, almost 3 half of incident light
is specularly eeflected. Alternatively, as shown in Fig. Hb),
the grating with A=0.9 um shows multiple lines in the NIR
region because this periodicity can satisfy 2 number of dif-
fraction conditions. This behavior indicates that a BSR with
A=03 gm can effectively diffract incident light at larger
angles not only for normal incidence but also for obliguely
incident light. In addition, it suppresses specular reflection
almost perfecdy in the wavelength range shown in this fig-
ure, From these results, gratings with A=09 um asre more
peeferable than those with A=0.3 pm for light wapping in
thin-film 87 solar cells.

BSRs with grating structures were fabricsted by the fol-
lowing proceduse. Electrochemically polished Al shests are
first &mdiea&lg oxidized at a constant voltage in an electro-
Iyte solution.'™"" By the amodization, an AlLQ, film with
pore arrays is formed on the Al surfaces. During the oxida~
tion, a sclf-ordered dimple patiern is simultaneously formed
on the Al surface beneath the ALD, fim. The ALO, flm is
eastly etched off with 2 mixture of chromium and phosphoric
acid solutions, leaving a bare patterned Al substrate. In this
work, patterned Al subsirates with average dimple sizes, e,
periods of A=0.3and 0.8 pm, were prepared by anodization
in a 26 w1 % oxalic acid solution at 120 V" and in a
4 wi % citric acid solution at 370 V.7 nespectively.

n-f-p substrate-type gc-Si:H cells with an active area of
1 em® were fabricated on the patierned Al subsizates coated
with 3 Ag/Zn0 stacked film by conventional plasma-
enbanced chemical vapor deposition. The structure of the
solar cell consists of Al substeate/&p{i100 nm)/Zn0{40
amyuc-SLH a-dip layersTngG;:Sn{78 nmyAg pgrid The
pe-81:H i-layers with thicknesses of ,=05-4 um were
deposited on the substrates using a SiH; and H; gas
mixture  (SiH,/H,=10.5/380 SCCM) (8CCM  denotes
cubic centimeter per minute at STP) at a2 substate
temperature of 170 °C, a pressure of 1.5 tom, and 2 of
power demsity of 0.04 Wicm?. For comparison, a-i-p
ue-SicH cells were also fabricsted on flat-glass/Ap/Zn0
and textured-SnOy{Asahi-U)/ Ag/Za0 subsurates” in the
SAME MAnNer.

Figure 2 shows scanning electron microscope (SEM) im-
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FIG. 3. Aaguler distribution of the refiected Bpht fom the patierned Al and

Asahi-U substsies coated with 3 AgZaD film stack at =5 and
a=378 nm.

ages of Al surfaces obiained after the anodic oxidation pro-
cess at (2} 120 and (b} 370 V and {&) Asahi-UJ type textured
SnOy subsirate. It can be seen in Figs. 2} and 2th) that
self-ordered dimple patierns with A~903 and 89 um are
wniformaly formed on Al sheets by the anodic oxidation pro-
cess, The average depthe of the dimple patterns with A
~$.3 and 0.9 pm are 005 and 0.2 pm, respectively.

Figure 3 shows the angular distribution of the reflceted
fight intensities from the patterned Al and Asahi-U subsirates
with 2 Ag/Zn( coating. In this experiment, a laser beam with
=375 nm was used 85 a light source and the incident angle
was set near the normal {§=3°). It should be noted that the
wavelength of A=375 am comesponds 1o NIR light
~ 1.3 wm) when propagating in pc-SidH films because the
refraciive index is ~3.5. It can be seen from Fig. * that the
patterned Al substrate with A=0.9 gm reflects the incident
light at larger ssgles more effectively than that with A
=0.3 gom. This result qualitatively agrees with Fig. 1, al-
though any clear diffraction peaks are not observed due to
insufficient long-range poriodicity. The patterned Al sub-
strate with A=0.9 gm also exbibits stronger reflection at
larger angles compared to the Asahi-U subsirate. This prop-
ety i useful 1o increase the optical path length within the
i-layer of pe-Si:H solar cells and ephance the total internal
reflection &t the interface betwesn the xe-Si:H film and the
transparent conductive oxide top slectonds.

Figure 4 shows the external quantum efficiency (EQE)
speetra of the ge-SiH cells with 5;=1.0 um fabricated on
the flat, Asahi-U, and patierned Al substrates with A=0.3
and 0.9 gm. It can be seen in Fig 4 that the patterned Al
substeates enhance the EQE in the wavelength range from
0.6 to 1.1 gm compared to the fiat subswrate. In additon,
this EQE gain is significantly improved by increasing A, as
expecied from Fig. 3. The patterned Al substrate with A
=0.9 gam shows higher EQE than Asahi-U-type randomly
textured substrate. The corresponding short circult current
densities Jgo of the flat, Asahi-U, and patterned Al with A
=03 and 0.9 um sre 18,6, 22.5, 210, and 24.3 mA/cm?,
respectively.

Figure 5 shows the EQE ratios of the n-i-p pc-SitH
solar cells fabricated on the patierned Al subsirate with A
=09 gm to the Asahi-U substeate for i-layer thicknesses of
5;=0.5~4 pm. The EQE ratio increases almost monotoni-
cally with increasing wavelength in the NIR region. How-
ever, the EQE gain over the Asahi-U subswrate becomes
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FIG. 4. BQE spectrn of the n-i-p uc-SitH solar cells with ;=1 gom fubri-
cated on & flat, Asabi-U, and dhe patterned Al substraies with A =03 and
0.9 pem mwensured under white bias light. The values in the brackets show
the cormesponding short cisesit current densities.

smaller with increasing 5; because less of the incident light
reaches the BSR of the cells. Nevertheless, ss confirmed by
Fig. 3, the patterned Al substrate clearly cnhances the spec-
tral response in the NIR region. even for the thickest cell
with fgﬂé FATES.

It is well known that textured substrates often deteriorate
the open circuit voltage Ve and the fill factor (FF} of thin.
film Si solar cclls, The charscteristics of the several a-i-p
#e-Si:H solar cells fabricated in this study are listed in Table
{. In the case of ;=0.5 um, the cell on the Al substrate with
A=09 pm shows the almost same Vg and FF as the cell
on the Asahi-U in spiie of the large gain in Jgo. As a resuly,
the cell efficiency is improved by using the patterned Al
substrate. According io the previous report,” U-shaped tex-
mre is advantageous to avoid defect formation in the ilayer
and deteriorstion of Voo and FF in thin-Glm Si solar cells.
The better performance of the 0.5-gm-thick cell on the Al
substrate is atiributable o this effect since the dimples on the
Al subsirate also have g guite smooth U-shape as shown in
Fig. 1thh. Abernatively, in the case of #=2 pm, a larger
decrease in Vo and FF is observed for the cell fabricated on
the Al ssbstrate. This result sugpests that defect formation
occurs during the growth of thick i-layer. Fusther improve-
ment of the overall coll performance can be ralized by the
optimization of the period, depth, and shape of the patteraed

2.2

20
1.8

EQE{AL, 4=0.9um) / EQE(L)

08 07 08 08 10 18
Wavelangth {um]

FUG. 5. EQE ratios of the n-i-p se-81:H solar calis febricated on the pat-
temned Al substeate with A=G9 gn 1o the Asahi-U substate for iayer
thicknesses of =054 am.

Appl, Phys. Lett. 93, 143501 {2008)

TABLE [. Chuamscteristics of n-f-p pe-Bi:H solar cells fabricated on the
patterned Al with A=0.9 sm and Asahi-Uf substrates measured under AM
1.5 10 mW/iom? illumination,

5 Voe Jee Efficiency
Substraie {pm) (V) {maiem®) FF {%)}
Euttemed Al &3 83522 2.6 8,751 8.1
{A=09 pm} 2 0.491 6.2 8.670 8.6
&3 8.528 E8.8 3.744 7.3
Asabi-U 2 04.518 5.2 08.697 9.4

A} substrates. In addition, modification of ue-Si:H deposi-
tion condition can be beneficial, although we used a constant
depositon condition optimized for Asahi-U substrates in this
study.

in summary, we have investigated the light wapping ef-
fect of periodicelly stuctured BSRs in thin-film 81 solar
cells. Numerical caleulations quantitatively show that Ag
gratings with A=0.8 pm can reflect NIR Nght at oblique
angles efficiently. To demonsteae this effect, we have devel-
oped a BSR with a unique periodic dimple pattern by utiliz-
ing anodic oxidation of Al ¥ is found that n-i-p po-8SitH
cells fabricated on patterned Al substrates with A=0.9 um
exhibit an improved spectral response in the NIR region
compared to those fabricated on randomly textured sub-
strates. As a result, a high Jeo of 243 mA/om?® has been
achieved in 3 1-gm-thick gc-Si:H cell. In this stedy, we did
not investigate the effect of the shape and depth of BER
structures in detail, Therefore we expect that there is 3 plenty
of room to improve the light-trapping effect in thin-Rlm S5i
solar cells.

The authors thank De 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 Organdeation (NEDO) vader Ministry of
Economy, Trade and Industry {METI}, Japan.
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Whiskerlike structure growth on silicon exposed to ArF excimer

laser irradiation
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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 (.5 10 2.5 Hem®), narrow (1-2 um diameter) and tafl
columns (330 um) start to grow after imadiation 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. © 7996 dmerican Instituie of Physics. [$0003-6951{96)01431-3]

Matter irradiation with a laser beam has been extensively
studied because of its many useful applications. In the low
faser 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, patierned 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 focal ar-
eas (impurities, different chemical composition} more resis-
tant to ablation, and they are ablated more slowly than the
surrounding material.' It is important to minimize cone for-
mation when laser ablation is used as deposition technigue
because otherwise droplet emission is higher and deposition
rate is lower.

Siticon is a material of great interest because of its im-
portant role in microelectronics. [t has very high ultraviolet
absorption coefficient and thermal conductivity. lts melting
by laser radiation has been extensively studied.? However,
information about surface modification and ablation at higher
fluence levels is limited to a short number of papers.®™

in this work we study the surface modification of silicon
single crystals in air by ArF excimer laser irradiation. The
faser 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{100)
along the normal direction. The 8i(100) targets were glued to
2 copper holder and vertically placed in an XYZ manipula-
tor. Spots with dimensions around 8.5 mm were obtained.
Laser fluences in the range C.7-6 Jem?® were used in this
study. The repetition rate was § Hz and the numbee of shots
was changed between | 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).

Helecronic mail: fanchex@electra fae ubes
@)

The etch rate per pulse has been calculated for craters
formed by 200 laser pulses. lts dependence versus fluence
has been plotted in Fig. 1. Three different zones can be dis-
tinguished, defined by two fluence thresholds of &
= 1.5 Jem?® and F,~2.5 Fem?®. In the first one, the etch
depth is not measurable. In the intermediate one {fluences
between £, and F,) the etch rate is very low {(below 2 nm/
pulse), and an Arrhenius-type dependence is observed. I the
third one the etch rate increases rapidly (at 2.8 Fem® 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 7, and Fj.
Although no etch depth is measured for F < /', the surface is
noticeably modified afier cumulative irradiation. In fact, the
melting threshold® at 193 nm and 20 ns pulses is ~0.4
Jem?, well below £, We observe ciear melting signs aRer
irradiation with some thousands of pulses at 0.7 Jem?, and
ripples develop for fluences near £,

A deep crater is formed at fluences higher than £, The
¥ shape profile and the accumulation of solidified material at
the edges reveal the impontance of meit flow in the process.
Moreover, evaporation also occurs, as revealed by the debris
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FI1G. 1. Etch depth per pulse as a function of the laser fluence. {a} Linear-
logarithric plot, (b} logarithmic-linear plot.
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FIG. 2. SEM microphotograph of silicon iradiated at 1.7 Jom?® with 200
taser pulses (459 view}

around the crater formed by recondensation of evaporated
material. Its spatial distribution on the surface is the same a3
that reported and modeled by Kelly ef o on the ablation of
polymers.”®

The most noticeable morphology modification occurs,
however, at fluences between & and 7, The effect of the
first 200400 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 Jem®
shows the beginning of the roughening process. After rough-
ness is high enough, solumas siart © grow on the surface,
The resulting whiskerlike structure is shown in Fig. 3, which
sorresponds to 3 sample nradiated with 500 pulses at 1.7
Hem?. These columns, typically 1-2 zm in diameter and
never below 1 um, present an important dispersion in height
and some of theny are as high as 2030 pm in 2 8.3-pum-deep
crater. Most of the columas 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 shoriest colurens. There
are also broken columns. In some cases this could be due w0
manipulation of the sample afler irradiation, but in other
cases clear signs of melt in the broken tip indicate that break-
ing was produced during irradiation. In conirast {0 cones and
related structurss extensively described in the literature, they
kave not been formed by preferential eiching of the sur-
rounding material, but have grown at the expense of the rest
of material in the bottom of the crater,

Reporied works including details of laser ablation of sili-
con have been cartied cut in vacuum. Van de Riet ef al’
irradiated silicon with 308 nm and 3 and 6 Hem®. 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 Kelly®
irradiated silicon at 248 nm and found similar conical struc-
tures, which were attributed to cumulative thermal expan-
siort. Sificon 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 t
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 1o Kelly and co-workers the primary
mechanisms which allow material removal when a target is

49,10

Appl. Phys. Lett., Vol 68, No. §, 29 Ju%‘.ggﬁ

FIG. 3. SEM microphotographs of silicon irradiated at 1.7 Joem?® with 500
laser pulses. {a} A 107 view, (b} 45° view, (¢} 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 expelied.' 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 1o
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 casy, 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-
fative irradiation, in a similar way as cones produced by

Sanchez ef gl 821
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ion-heam sputtering become columns by surface diffusion
after annealing.!’ It should be noted that a pulse canaot meit
the whole protuberance. The thermal diffusion length for a
23 ns pulse is ~1 jum and the surface temperature will not be
extremely high because fluence is moderate. According to
modelization of Unamuno and Fc)garassyf melt depth can be
estimated 10 be about .5 um for fuences between 1.5 and 2
Jem?. Siticon flow will occur when the end of the column or
the drop is melted afler every pulse. As far as the walls are
concerned, absorbed radiation is low. Only reflected radia-
tion can reach the walls of cylindrical columns. {f they have
conical shape, direct radiation will also arrive, but in this
case fluence will be diluted™ 10 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

sificon 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™> A
comparative study of ieradiation in air, vacuum, and nonre-
active atmospheres I in progress in order to elucidate the
possible influence of silicon oxide in the column growth pro-
cess.

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

622 Appl. Phys. Left., Vol. 62, No. 5, 29 July 1988

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 Sciens .
tific and Technical Services 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. MATS3-
297} and Generalitat de Catalunya.
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Abstract. We present new results 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 surtace afler 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 2 mesh
size of some wm. With more pulses the material of the net-
work tends to desert the branches and accumulaie in the
nodes, and diserete 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 irvadiated 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: 81.407Z; 81.60 7; 68.70

We have recently reported the development of a new type of
whiskerlike columns formed on silicon single erystals upon
pulsed laser irradiation tn air at 193 nm {1, The columns are
tall and narrow, between | and 2 orders of magnitude taller
than the depth of the crater, and are not formed by preferen-
tial etehing 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 ondy appears in
a narrow range of laser fluence, from 1.5 to 2.5 J/em?, and
after irradintion with some hundreds of laser pulses. In order
to investigate the evolution of the surface morphology that
feads to the formation of the columns, we have prepared
3 new serfes 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.

| Experimental

A Bi{ 100} single crystal water 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
meost homogengous part of the beam. The SHH00) targets were
mounted on a copper block with heat conducting glue and
placed vertically in an XYZ manipulator. Rectangular spots
with dimensions of 0.5 by 1.0 mm were obtained by imaging
the mask with a lens system. The laser fluence was around
2 3/em? 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
migsoscopy (SEM).

2 Resuplis 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 fow as ~ | am per puise. However, material is ac-
cumulated in the borders and frozen waves can be observed
there (Fig. 1} The motion of silicon in radial direction is pre-
sumably produced by thermocapillarity as a conscquence of
differences in temperature and then in surface tension {3, 4],
Surface modification is mainly by melt How. Although there
is evaporation, as is indicated by debris outside the spot, its
iaportance under this near-threshold iradiation is notably
lower than at high fluences. Therefore, recoil vapour pressure
from evaporating material is not expected to produce the very
important cficets on the Hquid that could be produced at high
flucnces.

A target irradiated with 200 puises mainiains the same
flatness in the ceniral region of the spot. but arcund 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 low of meled silicon from the center

Ci7

SIONYX1403000042.0004

SAMSUNG EX. 1002 - 539/4148


mailto:fsanchez@electra.fae.ub.es

Fig, 1. SEM view {45} of the cormer of a spot originated by irradiation at
2§/ co= with 25 puises

to the borders of the spot after cach pulse [5]. Morphology
is very different after irradiation with 350 pulses (Fig. 2b),
although the surface non-uniformity is maintained. From
the center 1o 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 isclated hillocks, and finally columns, After 500 pulses
the target is fully covered with columng, as was shown in our
previous work [E1

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 locabized SEM views or-
dered to show the growth process of the columns. At firsy,
smail micrometer-size depressions (Fig. 3a) on the 8at 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. Simultancously, other
depressions appear and the result is the constriction of the
non-depressed area and the formation of an elevated reticu-
tar network with a mesh size of some micrometers (Fig. 3¢).
The original surface is no fonger identifiable and a quite flat
new one is present in the inner part of the pelygons de-
fined by the network (Fig. 3¢). With additional pulses, the
material of the network tends to desert the branches and ac-
cumuiate in the nodes. As a consequence of this process
the branches become shim and break, and isolated bhillocks
are formed (Fig: 3d. When irradiation continues, material in
these hillocks goes up and the structure becomes columnar
{Fig. 3¢). This process is gradual and the initial conical shape
evolves to a cylindrical onc after more pulses (Fig. 3t). Tall
columns resubt with diameters between | oand 2 i, whose
height can increase as fast as 1S pm in 100 pulses. I the
sampie is further irradiated these columns gather liguid sili-
con and they grow to as much as 50 pm, but some of them
are tilied or show no well-defined cylindrical shapes. Simul-
tancously, the roughness of the surface around the columns
incrouses,

el e

Fig, 2a,b. Low magnification SEM views {45°) of surface morphology afier

AR
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irradiation at 23/cm* with (/) 200 pulses, and (b) 350 pulses

it is to be noted that depressions start 1o appear only after
more than 100 pulses. The physical processes 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 fact that irradiation is done in air. The absorp-
tion cocthicient of silicon is very high at 193 nm (higher than
10% cm™1) {61, Radiation is absorbed in 3 thin fayer of less
than {0 nm and heat diffuses toward the bulk {thermal diffu~
sion length fora 23 ns pulse is & 1 ) {7]. Melting of silicon
by pulsed lasers has been widely studied, and the melting
depth and meliing duration are estimated o be 0.4-0.7 pm
and 100280 as, respectively, for a laser beam of wavelength,
pulse duration, and flucnee as we used {7}, Liguid silicon is
more dense (2.52 g/em’) than solid silicon (2.32 g/am’), so
the liguid 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 liguid top layer). A possible cxplanation for the ex-
istence of the depressions s that the solid-liquid interface
would not be flat, but the hquid layer will be thinner in small
arcas than in the rest. When solidification takes place. the
solid-Hauid interface would reach the surface first in these
small arcas. The later solidification and expansion of the sur-
rounding region would lead to s raising over the firstly so-
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Fig. 3. Selection of lovalized SEM views {45°) showing the evolution of the surface from the initial depressions (@) 1o the final columns (£) (note that
maynification of (£) is kigher), Fluence was 2 3/om”

iidified arca 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 interfuce has not a
clear origin al this moment el is consistent with the thme-
resolved reflectivity results reported by others authors [8, 9],
which conclude that, close w the melting threshold, melt-
ing is inhomogencous 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,
50 a liquid layer with a non-flat solid-liquid intertace is o
be expecied more than locally melted zones, Local melting
and then material expansion during solidification due 1o the
density decrease has been involved by severnl authors {10,
11 to explain the formation of emcrpent structures in laser-
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Fig, 4. Schema of the sclidification process supposing a non-fiat liguid-sobid
interface

irradiated germanium (hiquid is denser than solid. as with
siticon). In a similar way, if we would cousider local unmelt-
ing (i.e., the existence of local areas in which meliing did
not occur), and/or that the solid-liquid interface was locally
shatlower, the analogous processes would fead to depressions,
as we have observed. With additional pulses, the depressions
would soltidify first because the solid-tiquid interface is deep-
er there than in the rest of the spot, and the depression borders
are iess ctficiently heated. In addition to the initial depression
formation, the later evolution from the reticular network 1o
hitlocks first and, finally, to il columns is also noticeable.
{n these steps, thermocapitlary flow toward the hillocks and
columns, due to the non-uniform temperature in the modified
surfiace, and ascendent forces led by the expansion of the ma-
terial during solidification will determine the growth of the
columns. A detatled analysis of these processes is bevond the
scope of this paper.

Besides the described columins, a second kind of structure
grows out from the surface {(Fig. 5). This structure has a shape
simiiar o that found by Kelly et al. {12] after laser irradiation
of gold. It starts not as d“pl{.SziGih but as small protuber-
ances (Fig. 3a), which appear on fat places of the spot and
g0 up, leading to mushroom-type shapes {Fig. 5b). “Mush-
rooms™ appear first near the spot border after 50-100 puises,
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”
are thus different than columns and have a different forma-
tion process, but more work will be necessary to have a betier
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-
fidification is at the origin of the process that leads 16 the
final shapes. The evolution with progressive irradiation suc-
cessively shows smalt depressions, broad depressions, which
constituie the meshes of 3 reticular network, a broken net-

Fig. 5. M ushwom—\ypc structures in difforent stages of formation after ima-
diation at 2 i:cm (SEM view 45°)

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.
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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 af) [1-7] that a simple way to improve the silicon-based solar cell efficiency is to
trradiate 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 1mm?) 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 SFy, i.e. the laser treatment was performed under vacuum (10° 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 ftraditional ion implantation followed by thermal annealing. The results show the consequence of the junction
quality on the final photocurrent.

1t 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 10'> cm™ (5-20 ohms.cm), cleaned by means of the conventional RCA
treatment. The surfaces were first phosphorus diffused from a POCI; 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 (CP, 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

Commercial and Biomedical Applications of Ultrafast Lasers Vili, edited by Joseph Neev,
Stefan Nolte, Alexander Heisterkamp, Christopher B. Schaffer, Proc. of SPIE Vol. 6881, 688119,
(2008) - 0277-786X/08/$18 - doi: 10.11 17112.768516
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After the laser structuring of the surface, the samples have been boron implanted by Plasma Immersion (PULSION, BF;,
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.

protection layer

Fig. 1: Processing steps of the photocell: a) RCA cleaning, b) creation of n + layer by diffusion, ¢) removal of the front n+
layer, d) femtosecond laser structuring, ¢) plasma immersion implantation (PIII) + 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), 20um 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 5x10”° to 1x10® 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 mm”. A spot of about 30 x
30 um® 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 sifu monitored by a CCD
camera.
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Fig. 2 : diagram of the femtosecond laser experimental set-up.

Different square surfaces have been irradiated, ranging from 100x100 pm? to 1x1 mm?. 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/cm®,

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:

@S
v.D

In our experimental conditions (=1 kHz, a=30 um, 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 Induded Periodic Surface Structures (LIPSS):

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

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 SFs 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 (4prenodytes 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 um, 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 renderer (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.

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).

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

Proc. of SPIE Vol. 6881 688118-5

SIONYX1403000042.0012

SAMSUNG EX. 1002 - 547/4148



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 ¢) 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).

height FWHM spacing | Reflectivity Absorption
Structure (um) | diameter (um) | (um) R (%) Visible A (%) Vis.
Spikes (a) 10 2.5 4 6 94
Penguin-like (b) 10 2.5 4 9 91
Pillars (¢) 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=1-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 nmy).

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.

-Proc. of SPIE Vol. 6881 688119-6

SIONYX1403000042.0013

SAMSUNG EX. 1002 - 548/4148



Absorptance A(%) =1-RT

. K oL ¥ T
800 1000 1200

wavelength (nm)

T
400

Fig. 7: Absorptance of a silicon surface for different texturizations: laser texturing (850 mJ/ecm? black silicon), alkaline texturing
(NaOH), acidic etching (T1 is an industrial process and T2 is from reference [15]), compared to a Si polished sample.

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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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.

Fig. 9 : Anisotropic etching of a me-Si surface: different structure for each grain

Figure 10 is a general view of a laser structured area (SEM) which shows a good homogeneity of the topography, for F=
185 mJ/em?® 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 um?, spot size a= 30 pm,

F= 185 mJ/cm®, D= 1um, scanning speed V=150 pm/s.
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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/cm®, the other parameters were kept constant (f= 1 kHz, a= 30 pm, V= 150 ym/s, D= 10 pm).
We observed an increase in the absorptance from 65 % to 80 % at 250 mJ/cm’, up to 96 % when working at higher

energy density (F=850 mJ/cm®).
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Fig. 11: Absorptance of a silicon surface for different laser fluences: from 250 mJ/em? to 850 mJ/ecm?,

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.

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

Top: 250 ml/cm?, center : 400 m¥/em?, down : 850 mJ/cm?®
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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 pun 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.

7 -
J .
8 -# Height /
] A Spacing e
2 Diameter

Size (um)
[¢1
i

T T 1
600 800 1000

F (mdfem?)

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°.

T
400

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:

Height FWHM Spacing | Reflectivity Absorption
Structure size (um) | diameter (um) | (um) R (%) Visible 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 1pm 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).

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.

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 pum/s.

After laser texturing the surface, we have used two different ways of doping the material: ion implantation followed by
thermal annealing and PIII + 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=185 mJ/cm?) and low number of pulses (D
=15, 10 um) the surface structure is poorly texturized (small-size structures, see Fig.13) and lead to a decrease in the
photocurrent.

photocutrent
(arb. units)

Fig. 18: LBIC scan maps showing the increase in the photocurrent in the different laser treated zones. 1st row (top) : F =
185 m¥/em?, d=15, 10, 5, 2 and 1 pm, 2™ row (center) : F= 250 mJ/cm?®, D=15, 10, 5, 2 and 1 pm, 3st row (down): F=
400 m¥/em?, D=15, 10, 5, 2 and 1 um. 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 (PIII). The measured photocurrent
corresponding to a, b, ¢ 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.

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 um/s, laser fluence F= 185 mJ/cm®with a) d=10 pm, N = 600 shots; b) d=5 pum, N = 1200 shots; ¢) d=2um, N =
3000 shots; d) d=1pm, 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 PIII 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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Temperature dependence of photoluminescence in non-crystalline
silicon

Ali Serpengiizel,* Ternel Bilict,’ Ibrahim Inang,* and Adnan Kurt
Kog University, Microphotonics Research Laboratory, Department of Physics,
Rumeli Fenen Yolu, Sariyer, Istanbul 34450 Turkey

Jim Carey and Eric Mazur
Harvard University, Department of Physics and Division of Engineering and Applied Sciences,
29 Oxford Street, Cambridge, Massachusetis 02138 USA

ABSTRACT

Crystalline silicon being ubiguitous throughout the microelectronics industiy has an mdirect bandgap, and therefore is
incapable of light emission. However, strong room temperature visible and near-IR luminescence from non-crystalline
silicon, ¢.g., amorphous silicon, porous sificon, and black silicon, has been observed. These silicon based materials are
morphologically similar fo each other, and bave similar himinescence properties. We have studied the temperature
dependence of the photohiminescence from these non-crystalline silicous to fully characterize and optimize these
materials in the pursnit of obtaining novel optoelectronic devices.

Keyweords: 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 inte optoelectronic silicon motherboards to youte and
modulate optical signals within sach sthicon motherboards. Integrated silicon optoelectronics s a rapidly developing
field *. Discrete and integrated devices such as photodetectors, modulators, light emitters, resonant cavity enhanced
(RCE) photodetectors, waveguides, pholomic bandgap filters, optical amplifiers, optical inferconnects, and
optoelectronie 1ntegrated cirouils are already berng reabized. However, muost of these devices, with the exception of hght
cwmitiers, are fabricated using crystailine silicon. Light emission requires the ase of amorphous silicon, since civstaliine
silicon can not cmit light due to its indirect bandgap. With modern process technigues, it will be possible to intcgrate
tasers, photodetectors, and wavegnides into Si motherboards ° for wavelength divicion multiplexing (WDM)
applications *.

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 enirance slit of the spectrometer, whose output is fod to a sensitive
photomultiplicr twbe (PMT). & lock-in-amplifier is providing the necessary ¢lectronic gain fo the PMT oufput gain in
phase with the laser poise. The digital oscilloscope 1s used for monitoring and optimizing the PMT signal. All of the

¥ aserpenguzel@kuedutr, phone: + 90 {212) 338-1312; fax: + 90 (212) 338-1547. hitni/home koedw r/~aserpenguzel
bty Aisrophoios ediLiy. Kog Univessity, Microphotonics Reseawch Laboratory, Department of Physics, Rumeli Fenerd
Yok, Sariyer, Istanbul 34450 Turkey. Ibrahim Inang and Adnan Kurt are with Ko¢ University, Microphotonics Research
Laboratory, Department of Physics, Rumeli Fenerd Yolu, Sartyer, Isianbul 34450 Twkey. 1 Temel Bilict is currently at Bosion
University, Department of Electrical and Computer Engincering, 8§ St. Mary's Street, Boston, Massachusetts 02215 USA.
brahim Inanc is also with the Bogazici University, Physics Department, Bebek, Istanbul 34342 Turkey. Jim Carey and Exic
Mazur are with Harvard University, Department of Physics, Cambridge, Massachusetts 02138 USA.
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measurement and test devices are computer controlled and the data is acquired digitally., For the room temperature
measnrements at 300 K the samples are attached to a holder. For low temperature measurements the samples are placed
in a closed cvcle cryostat svstem. The closed cycle cryostat systera 18 nsed to control the sample temperatnre from 10 K
to 300 K.

3. AMORPHOUS SILICON

In the optoelectronics and microclectronics industry silicon is the most widely used semiconductor, not only in its
crystalline, but also in its amorphous form. Being a dircet band-gap material, * unlike crystalline silicon® amorphous
sihicon is unmmatched as a photoereceptor for laser prinding, for switching elements in large area liqud crveial displavs,
for large photovoltalc panels, and any other apphication that calls for a high quality seruiconductor that can be processed
on large arcas or on curved or flexible substrates. It is generally agreed that the terms amorphous solid, non-crysialline
solid, disordered sobid, glass, or hguid bave po precise structural meaning bevond the description that, the stracture 18
not crystathine on any significant scale. The principal stractural order present is imposed by the approximately constant
separation of nearest-neighbor atoms or molecudes. Until the early 19707, amorphous silicon prepared by evaporation
oF sputtering was not considered as one of the valable semicondnctor materials, because of high density of electronic
states in the band gap related 1o a large density of stenctural defecis. " The discovery of an amorphous silicen malerial
prepared by the glow discharge deposition of silane, which can be doped and whose conductivity can be changed by ten
orders of maguitude marked a tuming point and openced a new research arca. Most interest focused on hvdrogenated
amorphous silicon and its alloys, since hvdrogen by removing dangling bonds climinates non-radiative recombination
centers, that are responsible for reduced himinescence efficiency {and reduced photovoliaic efficiency) and allows
doping. ® Hydmgenated amorphous silicon {a-Si:H) is already an established material in semiconductor technology *.
The major application of a-Si:H is photovoliaics, color detectors, and active matrix displays. The primarv attribute of
the technology is i#ts large arca capability, which is unavailablc with other technologics. Another advantage of the
hydrogenated amorphous silicon is that, it can be deposited by plasma enhanced chemical vapor deposition (PECVLY
onto almost any substrate at temperatures below 500 K. which makes it compatible with the microelectronic
techuology. This property justifies the interest in a-S1:H as a potential optoelectronic material. Planar waveguides are
alreadyv being realized from a-Si:H " The advantage of a-5i:H, as well as porous silicon (n-51), is that, they attract
interest as a potential optical gain mediwm, because of their room temperature visible electrohmminescence (EL) and
photeluminescence (PLY. Recently, we have observed visible PL from a-51:H, as well as its oxtdes (a-S#0,:H) and
nitrides (a-SiN,:H) grown by low temperature PECVD. ¥ While the exact mechanism of the occurrence of the PL in
bulk 2-SiN,H is still nnder discussion, the guantum confinement model is a widely accepted  In the quantum
confinement model the material consist of small a-81 clusiers 18 a matrix of a-5iN B, The regions with 5i-H and 5i-N,|
having larger encrgy gaps due to strong Si-H and SN bonds, isolate these a-St chusters, and form barrier regions
gronnd them, The PL originates from the a-Si clusters. A-8iNg:H can be grown both with and without anumonia (NH;).
The samples grown without NH; are referred to as the Si rich samples. The luminescence of these samples is in the red-
rear-infrared part of the optical spectrum. The samples grown with NH; and annealed at 800° C are referred fo as the
nitrogen rich samples. The luninescence of these samples is in the bine-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-SiNyH measured in the 550 - 900 nm wavelength and in the 12 — 298 K
femperaiize Tange at a comstant excilation laser intensity of 0.1 W cm”. A broad PL band centered at 710 nm (7, =
1746 eV)y at 12 K s observed. The PL spectra bave approxamately a Gaussian lineshape roodundated slightly by Fabuy-
Perot resonances. These resonances are due to the Fresnel reflections from the a-5iNy: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 1a semiconductors. The vauation of the PL peak with respect to temperatuze 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 xate
due to a thermal quenching process. The activation energy AE for this thermal quenching process can be derived in the
170 - 298 K lemperature range vsing & nonbivear Jeast squares it to the following equation, [ = I, exp (AE/KpT), where
1 is the PL intensity, 1, a proportionality constant, and kg the Boltzmmann's constant. The semilog plot of the emission
band infensity as a function of the reciprocal temperature gives a straight ling in the 170 - 298 K region. An activation
encrgy of B, = 0.027 eV for the emission band is desived from the slope of the straight line fit. This activaton energy 18
associated with a shallow level located at 0.027 oV from the band. This shallow level o ondoped a-3iNGH may be
associated with the presence of defects and unntentional impurities.
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Figure 3.1 PL spectra of a-SiN<H in the 12 - 298 K temperature range

Wavelength {nm)

5508 600 850 700 750 304 850 90¢

16.0
=
‘@ 15.8
=
& L
E
ok 18.2 |
g
> ,
ed
14.8
14.4

o
- o
(o}

&
(]
o
o]

o
o
g

o]

S

g 10 20 30 40 50 80 70 &0

1000/T (1/K)

98

Figure 3.2, Tempesature dependence of a-8iNgH PL ifensity at the emission band  maxionm. Intensive

quenching starts at 170 K.

3.2 Surface morphology of the amerphous silicon
Atomic force microscopy (AFM) has been performed the on the a-SiN H samples fo characterize the morphology of
the surface and to analyze origin of the huminescence. The surface of the a-8iNgH is optically flat and thus amenable
for the growth of multiple lavers. This is necessary condition for the realization of the one-dimensional PBG

microcavity. The surface morphology of the a-SihxH is quite uniform. The bulk of the material is composed of
globules of a-Sikx:H and is similar fo n-Si. Figore 3.3 shows the medium resolution AFM picture of the silicon rich

G
53

SiNx:H sorface. Additionally, aithough the sudface is flat optically, it is guite ough in the 100 nm range, which

coreesponds to the average globule size.
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Figure 3.3 Medivm soluntion AFM of the silicon tch a-SIN<H surfage,

4. POROUS SILICON

Simlar to hydrogenated amorphous silicon (a-8iH), porous silicon (7-81) also extibits room temperature visible PL ™.
Semiconductor microcavity effects have been applied to 7-Si, after the observation of room temperature visible PL )P
made 7-Si a potential optical gain medivm.™ Steady state 7 ™ ¥ und temporally resolved, ¥ single and multiplc®
microcavity controlled PL in w-Si hias been observed experimentally ™ ™ ™ and calenlated theorctically . The
possibility of using =-Si microcavities as chemical sensors has been investigated **. In addition, microcavity controfled
PL has been observed in m-8i inorgamic-orpanic structures, > as well as Si/Si0 superlattices. ®%%°° Si0/TiO,
microcavities,”!  SiC/WO,, and SiO/MO, mudtifayers” have been fabricated. Microcavity controiled
electroluminescence (EL) of -5t has been reported. ™ * Interforence filters * and optical waveguides *° bave aleo
formed from 7-St. Two-dimensional (2-I3) photonic civsials have been fabricated inn-51 °7 and silicon nitride (5N ™
waveguides.

4.1, Temperature dependence of the porous silicon photoluminescence
&0 G ¥ g 5 ¥ ¥ ¥
o 40 ] Porous °
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Figure 4.1, PL spectra of porous silicon in the 10 - 300 K temperature range.
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Figure 4.2. Temperatwre dependence of porous silicon FL intensity at the emission band  maximum. folensive
quenching siarts at 200 K.

Figure 4.1 shows the PL spectra of the porous silicon measured in the 550 - 500 nm wavelength and in the 16 - 300 K
temperatire range at a constant excitation laser intensity of 0.005 W an™. A broad PL band centered at 750 om {(f, =
1.69% eV) at 10 K is observed. The PL spectra have approximately a Gaussian lineshape. The PL intensity decreases
with increasing temperature. This feature is tvpical of the PL, which is due to donor-acceptor pair transitions observed
16 semicondnctors. The vanation of the PL peak with respact fo temperature is plotted inthe figure 4.2, In the 10 - 150
K range, the PU intensity decreases slowly. Above 200 K, bowever, the PL intensity decreases at a larger rate due to a
thermal quenching process. The activation energy AE for this thermal quenchiag process can be derived in the 200 -
300 K teraperatore range using a nonlinear least squares it to the following equation, [ =1, exp (AE/&yT), where I
the PL intensity. I, a proportionality constant, and ky the Boltzmann’s coustant. 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 H, = (.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 stdicon may be
associated with the presence of defects and unintentional impurities.

Figure 4.3. Medium resolution AFM of the porous siticon surface.
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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 sudface and to analyze orgin of the luminescence. The surface of the porous silicon is rather rough. The bulk of
the material 18 composed of globules of as we have seen in porous silicon. Figure 4.3 shows the ruediwm resolution
AFM picture of the porous silicon surface.

5. BLACKSILICON

Ordinarily, silicon absorbs a moderate amount of visible Hght, but a substantial amount of visible light is reflected as
well, and infrared and uliravielet light are transmitted throngh silicon or reflected from it with very liftle absorption.
Spiked silicon surfaces, in contrast, absorb nearly all Hght at wavelengths ranging from the ultraviclet to the infrared.
This suggests ¢ may be very useful 1n aproving the performance of existing silicon devices, such as photodetectors
and photovoltaics. Mazny 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 *** The spiked surface is strongly light-abeorbing: the surface of silicen, normally gray and chiny,
turns deep black; hence the nawme black silicon.

5.1, Temperature dependence of the PL from the black silicon

Black
Silicon
£3-300K

PL Intensity {arb. units)

8 5 5
558 858 758 850

Wavelength {nm}

Figure 5.1, PL spectra of black silicon in the 10 - 300 K terperature range.

Figure 5.1 shows the PL spectra of the black silicon measured in the 350 - 850 um wavelength and in the 10 - 300 K
temperature rapge at a constant excitation laser intensity of 0.1 W em?. A broad PL band centered at 630 am 2
1968 ¢V) at 10 K is observed. The PL specira have approximately Gaossian Hneshape. The PL infeusity decreases with
increasing temperature. The variation of the PL peak with respect to temperature is plotted in the figure 2. In the 16 -
120 K range, the PL intensity decreases slowly. Above 120 K| however, the PL intensity decreases at a larger rate duc
to a thermal quenching process. The activation encrgy AE for this thermal quenching process can be derived in the 120 -
300 K temperature range using a nonlincar least sguares fit to the following equation, [ =1, exp (AE/MpT), where [ is
the PL indensily, 1, a proportionality constant, and kg the Boltzmang’s constant. The semilog plot of the emission band
intensity as a function of the reciprocal teruperature gives a straight line 1o the 120 - 300 K region. An activation energy
of B, = 0.606 ¢V for the emission band is derived from the slope of the straight line fit. This activation cnergy is
associated with a shallow level located at 6.006 ¢V from the band. This shallow level in black silicon may be associated
with the presence of defects and nuintentional impurities.
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Figure 5.2. Temperature dependence of black siticon PL intensity at the emission band maximum. Intensive
quenching starts at 120 K.

Figure 5.3, Medinm resolution AFM of the black silicon surface.
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5.2. Surface morphelogy of the black silicon

Atomic force microscopy (AFM) has been performed the on the black silicon samples to characterize the morphology
of the surface and fo analyze origin of the huminescence. The surface of the black silicon is optically biack and consists
of conical lavers. The bulk of the material is composed of globules of black silicon and is similar to =-S1. Figure 5.3
shows the medium resolution AFM picture of the black sticon surface.

6. CONCLUSIONS

Bulk lominescence properties of hydrogenated amorphous sificon nitride (a-SiN, I}, porous silicon, and black: silicon
were studied at room temperature and at low temperatures. The PL cmission intensity increases at low temperatures due
to the lack of thermally excited phonons. The emission spectrum stavs broad even at low temperatures. The broad
faminescence spectrum even at low femperatures 3¢ a results of the heterogenous size disiribution of the amorphouns
sihicon quantom dots. This beterogenous size distribution s further confirmed by atomic force microscopy (AFM)
measuremenits of the sample surface. The broad PL spectrum of the a-SiN,H, porous, and black silicon makes them
suttable sources for wavelength division nmltiplexing (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. [DOL: 10.1063/1.1561162]

A variety of micrometer-scale surface patterns have been
observed on silicon surfaces after pulsed laser irradiation.' -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)." By irradi-
ating surfaces with femtosecond laser pulses above the abla-
tion threshold in SF, we previously created siticon surfaces
covered with a semi-ordered pattern of sharp conical
microspikes.>* Others have also reported laser-induced for-
mation of larger conical microstructures using high-intensity
nanosecond pulses,>>®

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(111)] by affixing
2-um-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 um, and hexagonal grids of width 30 wm. 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 1072 Pa. During sample irradiation, the chamber
is backfilled with 6.7X10* Pa SF,;. The laser pulses (800
nm, 100 fs, 0.3 mJ) are focused to a beam waist of 200 pim
at the sample surface; the spatial profile of the beam is
Gaussian, and the fluence per pulse at the sample surface is 6

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

kJ/m?, which is well above the thresholds for both ablation
and plasma formation. The sample is translated at 200 um/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.® 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-um hexagonal open-
ings; Figs. 1(c) and 1(d) show surfaces obtained using a
mask with 20-um 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-um or 30-pm square open-
ings also produces ordered microspikes of the same number
density as the 20-um 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.° 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. 1. Scanning electron micrographs of ordered silicon spikes formed by
masking the irradiated sample with (a),. (b} a 30-pum hexagonal grid and (c),
(d) a 20-um square grid. The nearly Gaussian spatial intensity profile of the
laser pulse is shown at the top in grayscale (white corresponds to maximum
intensity).

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 mechanisins
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).”
Under the conditions we use, with each laser pulse, a plasma
forms; after the plasma expands, a moiten 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.”

Formation of the coarsened layer and subsequent frag-
mentation into microspikes could either involve plasma
oscillations'® or capillary waves in the molten silicon.® In
addition, Fresnel diffraction of the incident light from the
edges of the mask openings'! 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 coworkers'® observed a resonant inter-

Shen et al.

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).

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 Iayer:(”I2
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where A and 7 are the wavelength and period of the capillary
waves, respectively-and o, 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 7y, and therefore the average
spike separation Ay cannot exceed the wavelength corre-
sponding to 7;,. We estimate 7, to be between 75 ns (a
value measured by others with somewhat lower fluence at a
shorter wavelength'®) and 600 ns (calculated from a simple
model that ignores the effect of ablation'?). The penetration
depth @~' of 800-nm light into silicon is roughly 10 um,"”
and others have determined that the liquid layer formed at
lower fluence and shorter wavelength is roughly 100 nm
deep;'® we therefore expect the liquid layer depth d to lie
between these two limits. Using these ranges of values for
Tiiq and d and literature values for o and p'%7in Eq. (1), we
estimate the longest allowed wavelength to be between 2 and
20 pm. The observed A, of 5 um (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=wm/a (m=1,23,...). 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.' 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 um, 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

Shen et al. 1717

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.

This work was supported by the Harvard MRSEC (NSF/
DMR-98-09363) and the Department of Energy. The authors
thank J. Ashcom for experimental assistance, and Profs. H.
Stone and M. Brenner for helpful discussions.
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THE TYPICAL SINGLE-CRYSTAL SILICON SOLAR CELL 45

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 celf efficiency is aided when light generates electrons and holes
near the junction because then there is move likelthood that these
charge carriers will be separated by the junction. As an flustration,
consider this possibility: If the top swrface is too thin ahmost 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 io absorb about half the light, while the remain-
ing Hght 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 2 high mobility of charge carriers in the
base (because light-generated carriers may be formed far from the
junction}.

ANTIREFLECTIVE COATINGS AND ELECTRICAL CONTACTS

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-

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 o cell exposes the istrahedrat surfaces of the silicon crystal
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absorbed. Nots also that light that is absorbed is bent gt ths treated surface, so that it
panetrates the coli obliquely. Bacause light travels through the cell at an angle, the cefl
need not be as thick 1o absorb as much light. The lowsr reflsctivity (o} and the longer
length the light travels through the cell give about 8 15% improvement in call afficiency
aver smoath, uncosted cells, {Affer Jonston, 1586, p. 68}
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s : oxide {Si0), a very good antireflective coating, can easily be formed
on a silicon cell. A single layer of S10 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 fexfure 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
Light _ 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)
= (1.04; 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 circnit. 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 hight. Thus a
tradeoffl must be made between resistance josses 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 conduet well but thin y
encugh not to block light, Such a grid keeps resistance losses suf- b
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

g Light
wniother

faces of the silicon crystal not as complex: the contact simply can be a metal sheet. However,
bj can eithier be E;bm’b?dg; new cell desigas (for concentrated light, for instance) may require
iiiifaigg #shuer;:ﬁzrxgtht;k it that light enter the cell from the front and back, so that the back of
s the ol at an angle, the cell the cell bas to be treated antireflectively and have grid contacts,
sHectivity {c} and the longer also. .

yprovement in celf efficisncy

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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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 o arvanging a needed number of
cells, must make sure that the voltage within a group of cells cannot
cause electric arcing (akin to a lghtning flash) to another group of
cells should voltage imbalances develop within the array. Arcing is
prevenied by providing sufficient inter-module slectric insulation.
Safely switches must also be provided for repair work.

PLACGING THE CELLS

The way in which individual cclls are placed in the array and the
celi’s shape have to be considered by the PV panel designer. Areas
within the array where there are no cells are arcas 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 resulied from pulling Czochralski
crystals. Also, early crystals were considerably smaller in dismeter
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 ap 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 butld modules providing large
voltage outputs requires many small cells copnected 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 {o increase the packing density of the cells -

even more. But such specially shaped cells are considerably more Figure 9-4. Thers are
costly than the round cells from which they are prepared (Figure cells are used. in (b,
9.4}, Hexagonal and square-shaped cells also invariably are smaller ’ halving circular calls

: £ G Square-saap s J of the module's are

than round cells from which they are cut. Being smaller, more cells are axpanslon or contea
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Figure 9-4, There are severs! ways to fill a module with PV cslls. In {8/, standard round
cells are used. In (b}, the amount of dead space {unusable by the cells] s diminished by
halving circular ceils to oblain a better fit. In (¢}, the squas oalis allow almost total use

of the module’s arsa. {Some space alweys must be provided 1o sllow for thermal
expansion or contraction of the moduls}.
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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, sguare cells cut from ribbon may or may not be preferred.
Alfthough the designer’s aim is to place cells as closely together
as possible, cells cannot be allowed fo 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 fo array building than simply resolving electrical
needs. Individual solar cells dre 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 loads and me- .

chanical moversent. Harthbound and space arrays must stand up to
stresses induced by temperature changes. The array must be strac-
turally self-supporting and/or have a supporting frame (Figure 9-5).

Weight, per se, of the array support structure is not much of 2
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 a2 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 terresirial
arrays, for example, protection 1§ afforded against such conditions
as oxygen, humidity, dust, and-precipitation. An earthbound array
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Figurs 8-5. Amaong other things a standsrd design for encapsuiating an sarthbound PV
modula must take into consideration tha transmissivity of the cover, the integrity ofthe
frame, and the functionability {ability to stay in piace} of the gasket and/or seslants.

cover, incidentally, differs from that for a spaceflight array. The
terrestrial module is overlayed 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
eagrth-array cells from bumidity 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 admat light in the violet to the far-infrared
spectrum and beyond {0.3-3 micrometer wavelength region).

Some modules have {ransparent 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
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42 BASIC PHOTOVOLTAIC PRINCIPLES AND METHODS

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 mors 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 cell degrades if it heats much above 25°C. 1t is therefore
usually expedient to provide for cooling of the arrays.

MODULE COOLING

In space, the only cooling option is to radiate away excess heat. For
carthbound 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 comvective air currents do all the
cooling needed so- long as the array is not instalied in a way that
impedes air circulation. For many applications (and particulazly in
space}, black heat sinks and radiative fins (passive system) must be
provided at the back of the pansl 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 2
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 2
hundrediold or more, are active systems made part of an array
cooling design. ‘
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A triple exposure 20-bit output high dynamic range (HDR)
CMOS imager with sub 2e- rms noise floor is presented. The
array comnsists of 1280x960 pinned photodiode pixels with
3.75um pitch and programmable (high or low) conversion gain
(Fig.1). A two-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
cqual to 147uV/c- in High CG (HCG) modc 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 dic size and power.

In this device we have implemented 42+3 rows of line
memory based on a target to keep SNR above 20dB (in LCG
modc) at the knce-points where SNR is at its lowest. The term
‘“triple exposure’ signifies three captures per frame, each with
different integration time (T1, 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
(T1 and T2) are stored in memory for later use and the third
(T3) is combincd with previously sampled T1 and T2 data to
generate the output value. T1 is the longest integration time.
Its’ maximum value is equal to 1/(Tframe-T2-T3) which 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 T1 and one for T2). At the opposite end of these stacks one
finds the T1 and T2 pixel values corresponding to the output
(T3) row. By combining these three values (T'1, 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 thc 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 14bits 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 row
sampling and A/D conversion compared to a regular lincar
sensor. Both serial readout (one ADC) and group parallel
rcadout were considered, but a column-parallcl architccturc
was chosen primarily due to lower power 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 colummns 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 cohumn 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 SL.VS at 450Mbps) and
12-bit parallel output is supported. In the latter case a 20-to-12
bit companding scheme with 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 720p80 mode, Vaa=2.8, Vdd=1.8
High CG 147uV/e- Measured on 1st silicon
Low CG 37uVie- Measured on 1st silicon
Source follower gain 0.92 Measured on 1st silicon
Readnoise @ Low CG < 7e-rms 10x gain, 74.25Mpix/sec
Readnoise @ High CG < 2e- rms 10x gain, 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
Qutput data 12b, 14b, 20b Parallel or serial (SLVS)

Chip die size

7.9mmx7.9mm
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The x-ray sensitivity of amorphous selenium for mammography
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A study of the K-ray seusitivity 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
swfaces. The deposition procedure was identical o 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 Eq, .
Then the sarople 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
current generated by the a-Se layer was measured as a2 function of £, . Fromw the current roeasore-
ment and the estimation of total x-ray energy absorbed in the a-Se, the energy required to create one
electron-hole pair (EHP), W, was determined as a function of Eq.. It was found that at the most
commonly used Fg. of 10 V/um, W was measured as 64 e¢V. This is considerably higher than the
widely accepled typical value of W==50¢V roeasured at ligher x-ray photon energies (e.g., 50
keV}. The dependence of W as a function of Eg, can be best fitted using the empirical expression
of Eg7. 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
ndependent of detector operation, such as the most recently developed flat-pagel detectors. The
results will be a useful tool for investigation and optimization of a-Se-based z-ray imaging detec-
tors, such as determination of pixel fill-factor and optimal Ey, during operation. © 2002 American
Association of Physicists in Medicine, [DOL: 10.1118/1.1449874]

Key words: amorphous seleniom, X-ray sensitivity, mammography

{. INTRODUCTION

digital mammography detectors are deswable, and one

.. . T ethod is to use photoconductors for direct x-ray detection,”
Digital mammography has been under mvestigation for over

a decade to overcome the Huotations of traditional screen-
film mammography. Currently, three different types of digital
manupography systeots with instantaneous iroage readont
have been developed commercially.! They all use a cotumn-
structured, thallium-doped cesium iodide fCsI(TH] scintilla-
tor as the x-ray detector, which absorbs the incident radiation
and converts the energy fo light photons. The light photons
are then converted (o clectrons by an optical sensor, which 18
cither an array of photodiodes or charge coupled devices
{CCD). This methed of x-ray detection using a phosphor is
oftenr referred to as the indirect approach. The column struc-
ture of the CsI{TH helps channel fight to the surface. How-
ever, due to imperfections in the columms, there is still sig-
oificant image blurnng 1o the system, and the problem
worsens as the thickness of Csi(T1) increases. The blurring is
also depth dependent, which resuits in a defective quantuim
efficiency (DQE) that decreases at high spatial frequencies.””
Methods for mnproving the high spatial frequency DQE of

318 fded. Phys. 29 (3), March 2002
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In photoconductors, such as amorphous selemom (a-Se), the
absorbed X rays are copverted directly to charge, which i
then deawn to the surfaces by an applied electric field with-
out significant image blurring. High-resolution iniages bave
been produced with an a-Se detector using a laser readout
method.* Other photoconductors such as silicon (8i) and cad-
miunt zine telluride (CZT) have also been proposed for a
direct conversion slot-scan digital mammography detector.”

Recently, flat-panel digital detectors based on amorphous
sificon (a-Si) active malrix techuology have hecome a cling-
cal reality in radiographic applications, and their aftractive
features inclnde compact size and rapid image readout. Both
the direct®™ and indirect!” ™ methods have been imple-
mented. For mammography, so far only indirect flat-pane
detectors  {(with 100 gm  pizels) have  been
commercialized. ' However direct a-Se flat-panel mammo-
graphic detectors (85 and 70 pm pixels) are under
developruent. ®!7 Efforts bave also been made on the devel-

© 2002 Am. Assoc. Phys. Med. 318
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320 Stone ef al: X-ray sensitivity of amorphous selenium

opment of small arca a-Se Hat-panet detectors based on the
more cost effective and lower noise UMOS technology for
application in iderventional mammographic procedures such
as needle biopsy. ? With the increasing interests in the devel-
opment of a-Se-based digital mammography detectors, it is
mportant o understand and optinnze the fondamental prop-
erties of a-Se layers for the imaging conditions and x-ray
energies used for mammography. One important factor s the
X-Fay SensHivily.

The x-ray sensitivity of a-Se has been studied previously
using different experimental owethods and samples and for
different x-ray photon cnergics. The data poblished m the
1970s for the values of W ate highly varizble,’® and it is not
clear whether this 18 doe to experimental error or differences
in a~-Se samples. With the renewed interest in the use of a-Se
for digital x-ray hmaging detectors,” especially the Sat-pane
datectm‘s,“ there have been scveral recent studics on the
x-ray sensitivity of a-Se for photon energies used in diagnos-
tic radiclogy. Aivah ef al. mweasured W for an x-ray spectrom
of 60 kVp using the radiographic discharge miethod, where
the surface of an a-Se sample was charged to a preset voltage
by a corofron, then exposed to a known amonat of radiation
and the residual surface potential was measured with an elec-
rostatic voltueter.™ The difference in surface potestials al-
fows the estimation of the total amount of EHVPs generated,
fogether with a calculation of the total amourd of X-tay en-
ergy absorbed, the value for W can be determuned. 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.*® Haugen ef al. measured W for a 45 kVp x-ray
spectrum using the integrated current method, where an a-Se
sample under a constant Eg, 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 W was determined.” Both the radio-
graphic and the integrated current methods require the caleu-
lation of the total amount of energy, £,,, absorbed i the
a-5e¢ layer, which is subject to error in the determoination of
the spectrum. Rowlands ef ol developed a more direct
method for measuring W based on pulse height spectroscopy,
where a smalt sample of a-8¢ was used as the mdiation sen-
sor for monoenergetic X rays ranging from 39.9 to 58 keV."”
A more recent stody by the same group mmproved the experi-
mental apparatus and extended the energy range to 40-140
keV.? These recent studies of W reported more cousistent
values, e.g., a nopunal valse of W=350eV at Eg,
=10 V/ i with incident x-ray energy £ of ~50 keV. More-
over, recent studies of W have also revealed an energy de-
pendence, e, W decreases as imcident x-ray energy F
increases,”? 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 Wat
typical mammographic energies, where the mean incident
x-ray energy is often <20 keV, we conducted the present
study for the a-Se layers wsed in ongoing development of
a-Se flat-panel digital mammography detectors. Our study
will provide complementary data in a different x-ray energy

Medical Physics, Vol. 29, No. 3, March 2002
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range for the continuing investigation of x-ray sensitivity of
a-%¢. Because our stody is performed independently from
any image sensor, the results can be used n the mvestigation
of imaging performance of a-Se flat-pane] digital mammog-
raphy detectors, such as the determination of pixel fill factor.
The results will also be usefnl in optimizing the x-ray sensi-
tivity of a-Se based image sensors.

Because of the lower x-ray energy vsed in mammography,
the sumber of EHPs generated by each x ray is 300-400.
This makes it difficult to use the mwore accurate PHS method
because the electronic noise of the apparatus lmits the en-
ergy resclution. For our present study, we used the indegrated
current method, and made careful determination of the inci-
dent x-ray spectma.

I METHODS
A. Experimental apparatus and precedure

Figure 1 shows the experimental apparatus for the present
work. The a-Se layer used in our expertments was prepared
by Anrad Corporation using the same procedure as that used
in small arca a-Se flat-panel digital mammography
detectors.'® The a-Se layer was deposited on a glass sub-
strate, and has bias electrodes on both surfaces, with wdivm
tin oxide (ITO) on the bottom and aleminum on top. The
thickness of the a-Se layer 1s 240 gun and the active area of
the sample is determined by the size of the top electrode,
which is 87> 87 mmny’. 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 18 taken from the bottom electrode of the a-Se
sample and fed to the mpot of the electrometer, where the
potential is kept at virtual ground. The electrometer is
equipped with an A/D converter and storage mernory 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 measurcment was mtegrated
over the period of X-ray exposure to obtain the fotal charge
generated by the a-Se.

A Senographe 6007 Senix HF x-ray manwoiography svs-
tem (General Electric) was used for the prodoction of x rays
during the expenments, The x-ray tube has a molybdenum
{Mo} anode and added filters of Al or Mo. The x-ray tobe has
two focal apot sizes, 100 and 300 zom. During our measure-
raent, we chose 27 kVp, the Mo filter (30 g, and the smail
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 15 only &7
¥ 87 mué, a diaphragm was placed in the heam to reduce
the radiation field (fo 171X 110 mm’) is order to minimize
the amount of backscatter. The x-ray exposure to the a-Se
sample was measured with an ion chamber designed specifi-
calty for mammography {Radical Corporation Model 1015).
The dosimeter has the ability to measure the total exposure
and duration of each x-ray pulse.

8. Dark current

The dark current ia the current produced in a biased a-Se
sarmpple when 1t i3 not exposed to X rays. I originates from
cither thermal excitation of charge carriers in the bulk of the
a-Se sample, or from mjected charge carriers from the bias
electrodes. Our a-Se layer is equipped with blocking layers
at both electrode wterfaces, and the purpose of these block-
tng lavers is o minimize charge injection from the elec-
rodes. In order to accwrately determiune the x-ray photocur-
rent in the sample during an exposure, the dark current mmst

e measored before each exposure and subtracted from the
total measurement. The temporal behavior of the dark cur-
rent needs 1o be wvestigated so that we can allow sufficient
time between exposures for the dark current to stabilize.

. Sensitivity

i. X-ray energy absorbed by a-8¢

In order to measure the x-ray sensiivity of a-Se, 1.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-
trom from an X-ray tube s not mosochromatie, the shape of
the spectrum must be determined. Previous studies of W us-
mg wide x-ray spectra often used a gonoenergetic 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 ef al. for maromographic spectrazs ¢ calculate the
absorbed energy. In order o ensure that the modeled spec-
trum closely matches that generated by the x-ray tube, the
half~valoe-layer, HVL, of the modeled spectrum was calcu-
lated, and compared to the measurement of the HVL uader
our experimental conditions. In the event of discrepancy be-
tween the calculated and measured HVL, additional alumi-
aum (Al filtration can be added to the spectral model to
obtain a spectrum: that best matches that vsed in the
experiments”

Once the x-ray spectrum was determined, the energy ab-
sorbed i the a-S¢ layer was calculated using the method
described by Chen and Doi, which includes the energy ab-
sorbed due to k-fluorescence reabsorption.”’ Tn this method,
the fraction of energy absorbed for each incident x-ray pho-
tou due 1o pumary luteraction 18 given by

[)EV

[¢]
e
=]
—
]
]
=
et

where u,/p and w/p are the mass energy absorption and
mass attepuation coefficients of a-Se, respectively, and g and
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L are the linear atiepuation coefficient and the thickness of
a-Se, respectively. The Py value given in Egq. (1) does not
wchade energy deposited due to k-fluorescence reabsorption,
hence the total energy deposited by an incident photon of
energy £ is given by

Ep=EPyt E P VEgP

{2)

B 2]

where £, and E g are the energy of the &, and k3 fluorescent
x xays, and P, and P g are the probability of reabsorption of
k. and kg x rays. The values of P, and P of a-Se can be
numerically calculated by dividing the a-Sc layer 1nto wany
thin sublayers.”® Then the total energy absorbed by the a-Se
layer can be calculated using

B~ 20 aolEVELE), 3)
£
where g,(E} is the number of K-ray photons per mm?” per mR
with energy F for the given x-ray spectrum. The Fyy given in
Eq. (3) has a wiit of eV/mm*/mR.

2. Experimental determination of W

The total charge generated by a-Se, gg.. for a given x-ray
exposure X was obtained by infegrating the measured current
of the a-Se layer during the exposure. Then the value for W
can be determined using

{4}

where g, 18 the charge for an electron and Ag, 15 the active
area of the a-Se sample.

For the present investigation, we measured W values as a
function of the clectric field across the a-Se laver, Fg.,
which ranged from 2 to 20 V/gan. Under each bias condition,
the measurement of x-ray-generated current in a-Se was re-
peated three times. For each coment measurement, the result
was integrated and used to derive a separate value of Wusing
Eg. (4). These W valves were then averaged to obtain a
single value of W for cach bias condition, and used to esti-
mate the experimental error.”?

. RESULTS AND DISCUSSION
A, Dark current

Shown i Fig. 2 is a typical measurement of dark current
of the a-Se sample as a function of time after the high volt-
age bias was tumned on. The measurement shown was with a
bias voltage of 2000 V. which comesponds to Fy
.33 V/pm. It shows 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 all E g, values used in our experi-
ment. Uure hypothesis is that the blocking layers of the a-Se
sample function by trapping charge injected from the elec-
trades, as shown in the diagram of Fig. 3, and reducing the
clectric field at the 1woterface between the bias electrodes and
the a-Se layer. When the high voltage is first turned on, there
is o buildup of charge in the blocking layer, hence the
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T, 2. Dark current measurement for the a-Se sample with bias voltage
=2000V, ie., Fg, Vi .

charge mjection and dark current is high. As the injected
charge star(s being trapped 1n the blocking {ayer, the elecinic
field at the interface decreases, which o turn reduces further
charge wpection from the bias clectrodes. Because this pro-

cess of nunimizing dark corrent takes a certain amount of

time to reach equiliboinm, dowing owr experiments we al-
lowed at least 20 min after the application of hgh voltage
and between subsequent x-ray exposures for the dark cnorend
to stabilize.

8. Sensitivity
{. X-ray energy absorbed by a-Se

The modeled speconm for the x-ray beant used in our
measurement (27 kVp with Mo target and Mo filtration) is
shown in Fig. 4. lts HVL was calculated to be 309 pum. The
mean incident x-ray photon encrgy of this spectnum was cal-
culated o be 16.6 keV. The result of experimental measuce-
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 Al filters used in the experiments were of type
1145 with 99.45% purity. The HVYE was deterouined by loga-
rithimic mterpolation of the measvred data, and vielded a

n

result of HVE =305 um. Since the HVL of the modeled

HY top bias electrode
ARSANIAN AN

Amarphous Selenium

p Se sample, which reduces the electric field at the
interface between the bias electrodes and a-Se, and mintmizes dack curreat.
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Fic. 4. Modeled s-ray spectrum for 27 kVp beam with Mo target and 30 gm
thick Mo filtration.

spectrum closely matches that generated by the x-ray tube
during experiments, the modeled spectrom was vsed 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 10%% eViam*/mR.

2. Determination of W

Figure 6 shows the result of the x-ray current measure-

rising of current after the x-ray was turned on is mainly dee
to the slow rising of the x-ray exposure from the x-ray gen-
erator. Lag i3 evident in the corrent gweaswrersent at the fall-
ing edge of the x-ray pulse; it is usuwally due to release of
trapped charge in the bulk of a-Se. The mechanist and char-
acteristics of lag in a-Se will not be the subject of discussion
for this article and will be investigated and reported 1o future
publications. However, in order to minimize the effect of lag
and cosure that all X-ray-generated charge was included in
the determination of W, the integration of X-ray-generate
current was performed unizl 200 ms after the X-ray is frned

$000 T T T 7
‘\_\B\»\
e
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g L T e
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=
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&
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@
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on of Al filtration for the deter-
on of HVL for the x-ray spectrum used in the experiments
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Fia. 6. Plot of X-ray induced current in the a-Se sample a5 a f
=10 V/ o

tion of rime

off (when lag is less than 3%). Once the x-ray-generated
charge was obtained, the value for W was caleulated nsing
Eqg. {4} and the results are plotted as a function of Eq, in Fig.
7. 1t shows that W decreases as a function of Zy,, and the
dependence can be best fitted by a power law. This feld
dependence of W has been seen previously by Rowlands
et all? * Blevis ef al,” Donovan, ™ and

Haugen et al’
Alvah ef ol Tt was found that with an empirical fitting of
W~ the typical value of yranged from 0.7 to L. The fit
from the data obtained in our invesiigation resulis in 7y
={0.70+ (.01, which is within the range of values from pre-
vious studies.

Awidely accepted typical value of Wat £, =10 V/um iy
~50 eV for a 50 keV incident x-ray photon.®! This is to be
compared with ouor result of W=64 ¢V under the same ¢,
with mammographic x-ray energies. The mean x-ray energy

200 e poce

T
5
4 = measurement
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TIG. 7. The energy required to create one electron-hole pair {EHP), W, of
e determined as a function of the electric f across a-Se, Fy,. The

fitted curve used W&, 7.

g
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Fra. 8 Measwed W at Fo =10, 15, and 20 V/um plotted with previously
published measurement of W as a fonction of incident X-ray encrgy £ The
Wovalues for £+40 to 140 keV were extracted from Ref. 25. The selid lines

are fitted curves using W~ E77Y

for the spectrum used in our experiment was 16.6 keV, which
is lower than the xX-ray energy used in previous studies. The
dependence of W on the incident photon energy £ was inves-
tigated experimentaily by Blevis ef ol for photon energies
canging from 40 to 140 keV (monoenergetic x rays). It was
found that W increases as F decreases, and the dependence
can be best fitted by a power law. Figire 8 shows the W
measurement published by Blevis er al. as a fonction of in-
cident photon energy F for three Eq, bias of 10, 15, and 20
7/ pom. Plotted in the same graph are our measurements of W
for mammographic X-ray energy (mean energy of 16.6 keV)
under the same Fq., and the data were fitted to the power
faw of £77. From Fig. 8, it is plausible that the higher W
vahie obtained i owr experiment 1s 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.

V. CONCLUSIONS

We have investigated the X-ray sensitivity of a-Se at mam-
mographic x-ray cnergics. The energy required to generate n
EHP W, was measured as a function of electnic field £, with
a 27 kVp x-ray spectrugy (Mo target with 30 po of Mo
filtration). It was found that the dependence of Won Fg, can
be best fitted to the cmpirical expression of W~ £g.7, with
determiged to be 0.700.01. This is within the range of
possible values found with previous studies. Compared to
previous measurement of W for higher x-ray photon ener-
gics, our measurement of W at mamunographic enecrgies
yiclded valoes that are ~25% higher. This is consistent with
the photon cocrgy dependence of W discovered previously
for the pboton energy range of 40--140 keV. This investiga-
tion provides a measurement of W of a-Se at mammographic
energies that s independent from any operation of digital
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detectors, and the tesolis can aid the investigation of imaging
performance of a-Se-based digital mammography detectors,
such as the fat-pasel detectors.
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Simple integral screenprinting process for selective emitter polycrystalline

silicon solar celis
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This letter desoribes 2 new sdraple fubrisation process, developed recantly for “bhue responss™
mprovement in lowecost palvorystalling silivon solar cells. A selective emitter is oreated

by beavily doping the emitter, followed by 8 wet etohing-back of the cell area botwesn the

fingers, An improvement up to 17 mV in ¥V, L3 A/t n Je and 19 {absolote

value} in n i obiained. Efftctive phosphorus gettering, selfalignmens, and application in a low-
cost full screenprinting techuclogy ave the mady advargages of the proposed prosess.

Seracnprinting I considered ae the most economicsl
technigue for the large-svale sofar celf produstion. Soreen-
printed slver contacts penetrate abowt 8.3 pm i e 8
waler during firing due 1o an etohing sotion of the glass feig
sontained in the siver puste. Therefors, 8 junciion sbout
0.6 jom deep s made (0 impeds the silver from reaching the
function regioa. At the smne {ime 3 phosphorous surface
somcentrativn of 109-10%at/em’ 18 necemary in order to
obtain & low contact resistance and o high 8 factor]
Thess two reguirements are the cause of the very pooe blug
response of solar colls with screenprinted conacts.

Typical smitler sheet resistances of indusirially pro-
duced sodar cells He between 3048 {3/3q. Higher sheet
resistanoss result in 2 8 Dot below 0% maindy duoe
the Mgh contact resistancs at the interface betwesn the
seresnprinted condact and the emitber surface. However,
ginne 3 high-efficiency smitler has a relettesly hiph chest
resistance,” an effective design for inoreasing the blus eer
aponse of solar sells wilh soresnprinted contacts would di-
vide the emitier in two distinet regions. In thdy selective
cusitter design™™ @ low sheet cesistanne ocours onder the
fngers and a high shest resivtance ovours in the enitter
arsas hetwesn the fngers.

Bany selective sritter sofar cell fbrication processes
involve two diffusion steps to forn a grid-shaped emittee™
The madn problewm associated with the two-step diffusion
procemes when scresapwinting is used is the scouvacy of
alignment of the front side metal god with the highly
doped smiiter areas. Any misalignment results in shunting
Hrough the shallow junction between the fingers.”

I this work, s simple, fully sereenprinting fibrivation
proceas exchuding the weeessity of two diffusion steps for
the formaetion of @ ssleciive smitter struchure and avolding
wyp contact misslignment s presented for the Hrst time, As
depicted in Fig 1, this provess starts by soreenprinting 8
phosphorus-containing peste on the surface of 3 potype
polverysialline silicon wafer. This is followed by phosphor-
cus diffusion from the paste source into the subsirate
$30°C in 2 helt furnses to formy g deep v T emitter with
a shest reaistanee of 1620 Q/sg TR, a3l T has Deen
proven that this heavy phosphorus dilfusion might be vory
sffentive in gettering of the substrate.” The back-side metat
contact fs made by sereenprinting a sibver-abunioum paste
followad by firing at 720", The front side metal pattsrn s

otigined by sorsenprinding 8 silver paste on top of the
87T emitter surface and friog at 845°C [Fig 10 I
wrder o avold any attack on the different metal layvers by
the stehing solution, 2 polymerte protective paste is sereen-
privted over the metal fngers and o the back-side mwetal
{ayer and dried at 130°C, An HF/HND; solotion s used
t etch-back the areas boiwsen the metal fingers. The etch-
ng-brok s orried on unddl the sheet resistancs of the fres
emitier sorface repches 60-70 875q, Finally a T antiva-
fesotive coating is soreenprinted on the front surfaes ard
fired st 43070, During this step the proteciive polymeric
favers are burned out.

The crose sectivar of the selevtive emitter solar cofl ob-
tained by the integral scresnprinting provess described here
is shown in Fig. 1{d). Yo Table § a comparison between the
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TABLE {1, Pauimetars of selective snd homogenacss emitter sofae anlls
processed following an infegral serssmpriatiag progess,

Tepe ol Bhest resist,. ¥, . P¥ 7
Bupplier ermiides JREFINVH fm ¥ {m*hm SIS B L
Suppl. & Hosogen 40 35& X7 FEX L3
Fuppl. A Sswtve S0 373 ARF 33
Suppl. B Homogen. S 882 3 123
Suppl. B Selective G} 587 A e JAE
parameters of solar cells with diffwrerst types of emiiten is

given, From this comparison the bnprovemsnt obiainsd by
the selective amitier struagture i cloardy seen sspecially for
the ool with ibtz Jower starting performanes {suppher AJ.

U oshould be ¢ *atiors s that apart frow the sslemivel
nonselective emitter difference the cells of Table § followed
an identios] processing schenwe with no addiviona! inten
tional improvement steps such as surfee passivation, tex-
tarization, or getiering.

The infegrsl screenprinting selective emifter process
feads o sa Goprovament {1} B the upen 'm.mi woltage
}? mY, {3 ‘§ in the shost t,ir{,m* current denaity

8 masom®, and {3} in the e,ivm:sksiﬂ vajue of the
don efficlerey A s 195, NMote that the inorease
§-’f s k&rg&r than what s eipscted (0 be >sﬂsos\§am§i with the
nersuse i 4, Henee, one can conchude that this Is dee o
g lower recombination veloity st the surbhes of the rela
tively lowly doped smitfer areas between the mstal Sogers
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Formatlon of single crystal sulfur supersaturated silicon based junctions
by pulsed laser melting
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The authors demonstrate the formation of pn and an* 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 328* to doses ranging from 1 X 10'3 10 1% 10' ions/em? and
subscquently melted and resolidificd by using a homogenized excimer lascr pulse. Above a
threshold laser fluence of ~1.4 J/cm?, the process produces a single crystal supersaturated alloy,
frec of extended defects, with a sharp junction between the luser melted layer and the underlying
substrate, located near the maximum penctration of the melt front. Hall effect measurcments
indicate that the laser melted layers are n doped with a free carrier density up to 8 X 108 /¢m? 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, lascr fluence. and annealing temperature on the properties
of the junctions is also presented and discussed. @ 2007 American  Vacuum
Society. [DOL: 10.1116/1.2796184]

I. INTRODUCTION several orders of magnitude above the solid solubility limit.
o ) . ] The article focuses on the evaluation of the crystalline qual-
Recently, there has been significant interest in the optical ity of the laser melted layers using channeling Rutherford
and clectronic properties of laser-microstructured chalcogen- backscattering spectrometry (C-RBS) and transmission clec-
laden silicon, a form of Si that shows cnhanced optical ab- (o0 microscopy (TEM), and on their electrical properties
N M . o . < 9 7 ' > . - I‘z - . '
sorption at wavclengths above and below the band gap. asscssed using Hall effect and current-voltage (I-V) charac-
For example. laser-microstructured chalcogen-laden silicon terization performed in the dark and under simulated solar
was reeently used for the fabrication of Si-based Ck’""‘-‘““ irradiation. The effect of implantation dose, laser fluence,

and oploclcuzomc devices mcludmsg IR photodiodes,’ and postirradiation thermal annealing on the properties of the
photodetectors,” and electron emitters.” Typically, the mate-  junciions is also presented and discussed.

rial is synthesized by repeated femtosecond or nanosccond .

laser irradiation of Si wafers in SF,, leading to suifur-laden .

disordered silicon layers with about 10 um tall spikes."®” Nl EXPERIMENT

We recently demonsirated significant enhancement of the - 300 yum thick, single-side polished -Si(111) (P doped,
) gap absorpuon,  With Mlie Surtace camage or- 45 yQem, and ~107? em™), #-Si(001) (P doped and

roughening, via the irradiation of sulfur-implanted silicon ~50cm). and p-Si(001) (B doped,. 5Qcm, and
with a few spatially uniform nanosecond cxcimer laser 10'S Cll1:3)‘were ion implanted at m(l:; ,t»empemmrye o
pulscs. Because excimer lasers are widely utilized for indus- 200keV 2S* 1o doses ranging from 1%10'5 1o 1
trial processes, and smooth surfaces arc well suited to many % 10' ions/cm?. The ion i‘m I'mt:d samples were then irra
. . S . .. & . gs o B |
device architectures, this approach is very promising for a Lo . . P atiall p . .
wide range of novel applications. However, to date, little is diated in ambient, using a spatially homogenized pulsed
ange PP N . o ; XeClH excimer laser beam (308 nm, 25 ns full width at half
known about the structure and clectronic properties of luser- . ; . .
. L. X . maximum, and 50 ns total duration) with fluences of 1.0, 1.4,
microstructured chalcogen-laden silicon. In this article, we ; » I )
. . . . : and 1.8 J/cm=. In order to process a sufficiently large arca
investigate the structural and electrical propertics of excimer (15X 1.5 cm?), the samples were mounted on an X-¥ stage
laser-crystallized Si ion implanted with sulfur at levels of ’ ’ ' Somp L B
and the ~3 X3 mm- excimer laser spot was tiled across the

: area; consequently, the average point on the surface was ir-
0n research leave from the Department of Physics, American University radiated by four to five pulses. Time-resolved reflectivity

of  Beirut,  Beirut. 1107 2020, lchanon; clectronic  mail: . +
malek tabbal Gauh.cdu.lb (TRR) of a low-power Ar* ion laser (488 nm) confirmed an

MPresent address: Fatigue and Fracure Analysis Branch. Benet Laborato-  OPtically flat surface and allowed us to monitor the duration
ries, Watervliet, NY 12189, over which the surface was molten. The Ar* ion laser beam
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is incident near the grazing angle on the Si surface and its
reflected beum is detected by a fast photodiode that is con-
nected to a digital oscilloscope in order to record the tempo-
ral variation of the reflected 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 liguid silicon.™" After the laser melting experi-
ments, some samples were furnace anncaled in flowing
99.999% Ar gas or in forming gas (10% H, and 90% N,) for
30 min at temperatures ranging from 400 to 1000 °C.

The crystalline quality of the laser melted layers was
quantificd by Rutherford backscattering spectrometry in
channeling mode (C-RBS) performed using 2 McV He* ions
down the [111] and [001] axes for the #-Si(111) and
p-Si(001) substrates, respectively. Cross-scctional TEM
(XTEM) examination was also carried out at 200 kV using a
JEOL 2010F electron microscope, with lattice imaging ob-
tained along the Si [110] direction. The surface morphology
and roughness were investigated by ex situ atomic force mi-
croscopy using a MultiMode™ scanning probe microscope
(NanoScope HI) from Digital Instruments in tapping mode.
The S concentration-depth profile in the laser melied layers
were  determined by sccondarg ‘ion mass spectromelry
(SIMS), as described elsewhere.” The carrier concentrations
and carrier mobilities of the laser melted layers were deler-
mined using room-temperature resistivity and Hall measure-
ments, both in the van der Pauw conﬁgura!ion.“ In all cases,
samples were cleaved into 0.6 X0.6 cm? squares, and
99.99% indium solder contacts were applicd. To determine
the free carrier concentration ni,, the sheet carrier density
(clcctrons/cmz) is divided by the thickness of the
S-incorporated layer determined from SIMS. To facilitate /-V
measurements, clectron beam cvaporation 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 nn* and pa junctions were performed, at room
temperature, in the dark and under an AM 1.5 solar
simulator,? with 100 mW/cm? power density.

fil. RESULTS AND DISCUSSION
A. Microstructural characterization

In Fig. 1, we present C-RBS spectra of S-implanted
(1X 10" jons/em?) Si (111) substrates that were laser
melted at different laser fluences. We also present the random
and channcling spectra of the unimplanted virgin substrate
und 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 panly amorphous
layer (~100 nm thick) buricd bencath a more lightly dam-
aged crystalline surface layer. The absence of a fully amor-
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F16. 1. Channeling RBS spectra of the following Si (111) substrates: unim-
planted virgin (—). as implanted (O). implanted and pulsed laser melted
(PLM) at 1.0 J/cm? (V), and implanted and PLM at 1.4 J/em? (---). The
random spectrum of the virgin Si (111) wafer is also shown (+). The ion
dose for the implanted spectra is | X 10'® jons/cm®. The peak al ~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.* From the channeling
spectra of the laser irradiated samples, it is clear that the
crystallinity of the luser melted ion implanted layers is very
sensitive 1o laser fluence. The strong dechanneling peak at-
tributed to the buried amorphous/defective layer disappears
for the sample irradiated at a laser fluence of 1.4 J/cm?, as
the C-RBS spectrum reveals a near-surface minimum back-
scattered yield ¥n, —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.'” The channeling RBS spectrum
from a sample irradiated at 1.8 J/cm? is nearly indistinguish-
able from the spectrum for a sample irradiated at 1.4 J/cm?.
These results were reproduced for p-Si(001) substrates and
for different ion implantation doses. In addition, it was found
that the x,;, measured from the C-RBS spectra of the laser
melted samples (at 1.4 J/cm? 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 watfers atter laser melting. The sur-
face roughness in 2X 2 um? AFM topographs was found to
slightly increase from 0.21 nm, for layers implanted to a
dose of 1 X 10' ions/cm?, 10 0.36 nm, following laser melt-
ing with 1.§ J/em?.
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Fic. 2. (0) XTEM image of #-Si{111) sample implanted to a dose of |
% 10'® jons/cm? and irradiated at 1.8 J/em®, sample surface is in upper
right. (b) Lattice resolution XTEM image of the same 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 (¢-Si) layer buried under
200 nm of crystalline silicon and another consisting of a
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Fi. 3. Plot of the calculated maximum melt depth vs laser fluence for a
structure consisting ot a 200 nm thick «-Si layer buricd at a depth of 200 nm
in crystatline silicon (&) and another consisting of 400 nm thick a-Si on top
of the crystalline silicon substrate (O). Values inferved from SIMS (®)
measusements are also shown with error bars.

400 nm thick «-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/em? on a 400 nm a-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
concentration-depth proﬁk:sg 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 dnpzmts.‘:"N In the case of sulfur documented here, it
appears that we obtain supersaturated sulfur concentrations,
as listed in Table 1. exceeding b<y four orders of magnitude
the equilibrium solubility limit."

B. Electrical characterization

The clectrical properties of the samples are summarized in
Table 1. For all the laser melted S-implanted layers, the sign
of the Hall cocfficient indicates n-type conductivity. It is cvi-
dent that n, increases with S implantation dose, recaching a

Tasre L Total sulfur concentration. Hall mobility, free carrier concentration, and carrier-to-donor ratio in the
laser melted layers for several implantation doses and a taser fluence of 1.8 J/em?.

§ dose S concentration Hall mobility Carricr density Carrier-to-
{ions/em?) (atems/em®) (cni?/V s) (e/em®) donor ratio (%)
Px 10" 2.3x 10" 200 7% 10" 3.0
IxioM 77X 10" 69 IX 108 39
1x10% 2.3%10% 61 §x10' 35
1x10'" 2.3%107 184 Sx 10" 2.1

+550 °C anncal
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maximum value of 8 X 10'* clectrons/em?® for a dosc of |
X 10" jons/em?. In contrast, the electron mobility decreases
with § implantation dose, presumably due to increased ion-
ized impurity scattering for higher doses.

For the unanncaled laser melted samples., the ratio of free
carrier density to total S concentration, which we termed as
“carrier-to-donor™ ratio, ranges from 3% to 4%. These low
carricr-to-donor ratios may be duc to the formation of
S-induced midgap states in Si.'"®

SIMS mcasurcments 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 microstructured SitS, for which 40% of the sulfur could
be lost upon annealing at a temperature of 450 °C.5 there is
no detectable loss and no detectable diffusion beyond the
laser melt dcplh.s Therefore, the observed decrcase in n,
from 8 X 10" 10 5 X 10" clectrons/em® for the anncaled 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 § 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
ol isolated S atoms, substitutional sulfur,” forms clectrically
active dopants. Upon anncaling. a clustering-induced de-
crease in clectrically active substitutional S could occur. The
formation of S clusters or precipitates could also explain the
very limited ditfusion 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,” namely, 0.46 al. %, for the highest implantation dosc
used in this work.

In contrast to the carrier-to-donor ratio, the mobility was
significantlly  cnhanced  upon  anncaling,  reaching
184 cm?/V s for the sample implanted at 1 X 10'%/em?. This
value is thrice that of the unannealed sample implanted at the
same dose and is close to that of the unanncaled sumple
implanted at the much lower dose of 1 X 10'%/cm?. Because
the ionized impurity concentration for the latter is nearly an
order of magnitude less than that of the anncaled sample. the
anncaling-induced clectron mobility enhancement is not pri-
marily due to a decrease in ionized impurity scattering. Post-
laser melting anncaling may lead to the removal or modifi-
cation of other point defects, thereby reducing the scattering
probability of the free carriers. For example. anncaling may
lead to the removal of vacancics known to be present in
laser-crystallized implanted rcgions.'x"g Additionally, an-
ncaling may cnable the evolution of inactive point defects
from a charged to a ncutral configuration, thereby reducing
the scattering probability of the free carriers.®

In Fig. 4. we present the dark current versus voltage (/-V)
characteristics of the pn junctions formed by laser melting at
1.8 J/cm? of p-doped Si substrates implanied to a dose of
1 X 10" S/em? and anncaled at various temperatures up o
1000 °C. All curves show good rectifying behavior except
for the one corresponding to the highest anncaling tempera-
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Fi1G. 4. Durk /-V curves measured for p-Si(001) samples implanted at a dose
I X 101%/em?, irradiated at 1.8 J/cm?, and furnace anncaled at different
temperatures.

ture, which has poor forward current characteristics and a
significantly high leakage current, [, (0.85 mA/em® at
~0.5V). The lowest value of [, at -05V was
0.064 mA/cm?, obtained for the nonannealed layers. The
ideality factor # was determined by fitting the forward cur-
rent /5 to the rélationship®’

Iy~ explqVinkT),

where ¢ is the churge of the electron, &7 is the thermal en-
ergy, and V is the applicd voltage. An ideality factor of 2.06
was determined for the junctions anncaled wt 550 °C, a valuc
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.Z'

In Fig. 5. we present the /-V curves of the same pn junc-

30 .
10'® S/em®; 1.8 Jlem?
20} J
— L No anneal
] — 560 °C
é’ 10F - = 800 oc -
E =++=1000°C
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Fic. 5. -V curves measured under one sun for p-Si{001) samples implanted
to a dose of 1X 10'8/cm?. irradiated at 1.8 J/cm?. and fumace annealed at
different temperatures.
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tions measured under one sun (AM 1.5 and 100 mW/cm?)
for different anncaling temperatures. In agreement with the
dark current measurements reported in Fig. 4. anncaling at
550 or 8OO °C leads to an increased short circuit current, /.,
and open circuit voltage, V., but a further increase in an-
nculing temperature o 1000 °C results in a significant reduc-
tion, With the 350°C anncaled samples, values of
20 mA/cm? and 470 mV were measured for the /o, and V.
respectively, leading o a fill factor >65% and an cnergy
conversion cfficiency >6%. It should be noted that these
latter values were obtained without any selar cell device en-
gincering such as the application of an antircflection coating
on the top surface, the formation ol a back-surface ficld, base
doping, or top clectrode gecomelry optimization. With device
engineering. the short absorption lcngth2~8 of these structures
might present an opportunity For advances in thin film silicon
photovoltaics.

We attribute the increase in the values of Vo and |1
upon anncaling at 550 °C to a decrease in the density of
point defects, which was proposed as one of the two mecha-
nisms that lead to the observed increase in mobility reported
in Table 1. Indeed, point defects that survive the laser melting
process can acl as recombination centers for photogenerated
carriers: their subscquent 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 jonized dopants—as deduced from the mea-
sured drop in the value of n, from 8%X10%105
X 10™ clectrons/cm® upon annealing (see Table 1). How-
ever, the effect of this drop in #, on the value of V. 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/cm? results in the formation of a single crystal super-
saturated with 8 and frec of extended defects, the presence of
point defects that are undetectable by C-RBS and XTEM
cannot be ruled out. They could be located cither within the
mehted layers during soliditication or they could be generated
by the ton implantation process in the channeled tail beneath
the amorphous layer. In the latter case, this ion implantation
damage region would extend beyond the laser melt depth
(~450 nm at 1.8 J/cm?) and, therefore, postirradiation an-
ncaling would be nccessary to reduce the density of these
defects. It is also noteworthy that the enhancement of the
clectrical characteristics of the junctions was found to be
independent of the ambient gas Howing during the annealing
process, as the use of Ar or forming gas led to similar /-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 clectricul
propertics of the junctions. For anncals at the very high tem-
perature of 1000 °C, excessive clustering or precipitation of
the § dopants is cxpected 1o occur.!” thercby degrading the
clectrical properties of the junctions. These two competing
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FiG. 6. -V curves measured under one sun for samples implanted with
different ion doses in p-Si(001), irmadiated at 1.8 J/em®. and fumace an-
nealed at 550 °C. The inset shows the variation of the efficiency 7 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 /-V characteristics of the
samples implanted for various doses is presented in Fig. 6.
The value of V. is nearly independent of implantation dose
at (470+10) mV. The value of I is significantly higher
(~25 mA/cm?) for the medium dose of 3 X105 §/cm?
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 scen in the
inset. The trend is consistent with the effects of anncaling
shown in Figs. 4 and 5.

Finally, preliminary electrical characterizations were also
carried out on laser melted S implanted #-Si(001) substrates.
Because sulfur acts as a donor, nn* homojunctions were thus
tormed. with the a'* region being the implanted/luser irradi-
ated top layers. Dark /-V curves from two such homojunc-
tions arc presented in Fig. 7. Both curves show a good ree-
tifying behavior with a built-in voltage V,; lower than those
observed for the pn junction. This is justified by observing
that, for a nn* junction. the V; is given by the following
expression:

Vi = (kTig)in{n*n),

where #* and n are the 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 1000
(~10'%710'%), thereby leading to a V,; of 0.17 eV. The junc-
tion annealed at 550 °C shows better /-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 pu junctions, where an
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anncaling temperature window appears to enhance the clec-
trical characteristics of the junctions.

Iv. SUMMARY

We have investigated the crystalline and electrical prop-
crtics 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 cnsures
little irradiation-induced surface damage or roughening of
the wafers. The crystalline quality of the layers after laser
irradiation was evaluated by channcling RBS and TEM. It
was shown that laser fluences of 1.4 J/em® and above are
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, pn and nn* junctions were formed
and showed good rectifying and photovolaic behaviors. The
properties of the junctions were enhanced by postirradiation
furnace anneals, with samples annealed within a window of
550-800 °C exhibiting good propertics. We attribute the im-
provement in propertics upon anncaling to the annihilation of
point defects that survive the laser melting and rupid solidi-
fication process. We attribute the deterioration upon anncal-
ing wt 1000 °C to clustering or precipitation of the sulfur
atoms. The junctions could be further optimized by upplying
the appropriate device enginecring processes. The short ab-
sorption length of these structures might present an opportu-
nity for advances in thin film silicon photovoltuics, 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 4.4um global shutter pixel and multiple pipeline
analog-to-digital converters (ADCs) are implemented.
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 7um 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 4.4um 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
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In this paper, its image sensor architecture, pixel

generator (TG) so that external control/trigger inputs are
minimized.

The chip handles pixel readout and signal
processing at 200Mpixel/s with a S0MHz master clock
and operates at 500fps with 600x600 full pixel
resolution.

Column S/H, Column amp, 8 5
Scanner < H
g 3
Column (H) scan < E
1 &
c|l 5 2 =)
sl 8 @
Pixel arra g > ) o
X Y 4 % Q bod
4.4um pitch & g
600 x 600 effective pixels
bl
Q =
Q [}
< '5
Column S/H, Column amp, Q »n
Scanner 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.c., all the pixels are reset simultancously. 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 simultancous
operations of charge integration and signal readout.

¢
Vaa_pix

gl

ROy

ol Sig
Figure 2. 5T global shutter pixel configuration
¢. 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.

Column amplifier

7 <=~ x0.5 %1, x2, %4, X8 I One Column Block

8bit ADC

Signal chain of one column block

Figure 3.
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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, ‘START EXPOSURE’, ‘END EXPOSURE’,
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

M

END_EXPOSURE

READ_START

2 I Exposure time {in row} I

[1

AB

TX

I

\4 v

READOUT V Blank

1 frame

Figure 4. Operation timing

12C interface is used for detail imager control.
Also, two register banks are implemented, thus enabling
instantancous 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

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

a.
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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 5S0MHz data rate. Thus, a total output data rate of
200Mpix/sec is achieved. Imager core size is
approximately 4.0mm x 4.0mm.
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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 300fps 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.

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

C.
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range from 380nm to 830nm.

8frame

Fast readout
8frame i

Full readout ‘

Integration }’T\/\z\
~

foaN
Y
a

Readout

fast readout Full readout

32row / frame 600row / frame

repeat i

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 3.4fF 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

Total Noise
7
70 1 . /
'\\:
LN RN
4\\
k3 R\
E 5o '/ AN
g Total e
§ 40 | Random Noise B
2 —
% Quantization Noise ———
230 X/
2 \¥  Total FPN

A\
20 -
Y, Pixel FPN

10

P,
S, =
0 s
[} 2 4 [ 8
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 44 um
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 500nm

Total noise
Linear full well capacity

42 electrons at 4x gain
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 quality 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 memory reset is a dominant noise
source. Both FPN and image lag are reasonably
suppressed.
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¥ drain surrpssndiat By & boron Basrier region on hoth vides of
the drain, The harvier fopdant is chosen o wosore St charge
fovels exopoding Tl well will spill over S barvior snd into the

deain rather than Spilling dows the CUD solmmn. For this dee
sign the blooming drain simtiure aocupies § g of the 34 gm
golomn widds, Structures 38 narrow a8 Jpm huve boon demon-
strated, ot for this Jarge sven devine = conserentivie design was
smplayed.

The blopming disly & burded o mainisin & 100% optival
fifl-factor for beckside Wumination. This is done by cevating
a deep P region Bonsath the N+ dradn andd Baesivr wegions. The
#plon iy Bigher concentration than the substrate doplng, crev
atheg wn clentric Told burvier farge cnvogh to keop the majority
of the photvelootoons froa boing captured by the N+ desin. Type
ieaf perfonmanes for this burled blooming Josin struciuss aosoas
& virdety of imagers hes beon antiblooming up o > 1000% e
seatipn, with a sigeal foss fo the blooming dvale of <3% for
broadband Humingtion (300-300 nm), and & dratn pronpying
% of the pised aros J&1

O Bioruge et Horfampd Registery Dexigw

A sphit-framedmesfor arckilcohee B eniployed in thic design
to achieve » reduced foading Sme from the dmaglog mglster to
the storsge registor, This permita higher frame nie openstion
mend reduces wanefor smene The frame sorage i configured as
Sight Frame storeg-with S48 (Hy % 980 {V) stovege clornents
cach. Back frame store has 3 thro-phase bortonnial register with
& two sisge Toating dilfusion puipu amplificr.

The freene gorage registors have 3 34 s vonvical stage fongth
For ihe firg fow rows, followed by predused vortivalstage Jength
of 111 g The Socteoraal piich varies from 24 jow st e top
of canh fame slore to 15 jua at the bottuem, malching he 13 am
stage fongth of the hovinoraal segister. The bloorsiag draise sy
tend o tiy Hrad fow rows ol the fraas sterage magiaion ia these
sows fhe shirge capecity B geadually roduond jowsm that e
ssinbernan <hige capaeity of e framme slomgs regisiors snd e
flosting dfdon cutpits seoceds the dharge level alfowed to
posy through shese ‘olipper’ rows. The large 2300 000 ¢ charge
eapaity of the braging pleet 5 thug asitivend o e 49563
¢ vharge capachy of the clippers. This clipper Tovel Is cowids
esbiy behwy e minimum fame store ospacity of 3530008 ¢
Thés spprawch matetaing the saiiblovmiag parformmee of the
imaging rogister plael

§53. ERucoes Speity VERTIOAL TRANSPER

The imsging rogisior and the frame Morsge rogistors bave x
sequirement for selstively high vertiosd fransfor speods given
the suse of the device, The dandand process pelioves 8 ver
sical franslor clock ratoof 100 KM with the 61 num Jong gates
driven Trom hoth cmde. Atawve thiy dlock rate antiblodesing pes-
formane s dogrded i the cunteal pirtion of the Imaging reg-
nsbéres

Higher vertioal spansfer clock rates soe achioved emploviag e
rotal Wrapping optivw Hore motal buesing and strappling con-
ot are added within the setive 0T inmging and sfoesge reg-
fators 3o reduee the RO Gme constant of the galvs. & complelied
£OD with mvtal sirappling is shown in Fig. 8 The tmaging rege
ster design coniacte sack gaie in the maddic of the 81 e gale
fongth and meintaing the connections st the two ands of zach
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TENWER on 280 LARGE VORMAY BACKRINE HIRDATER CUR INANER

LIFataiiay
Mok B

Hig b Lowresoleton THM of output sraplifier bovied contat,

B N RS
Ruwstery 20432
NS NN

2

EIAYIRNERE
AR
& /%‘*-‘,

Fig 8. High enolvtion TEM wf vurpot smplifier burted contast showing Toagt
sligament of polysifionn st to diliowm Tuton,

¥ PHOTOCOMPISITION

The layout of the melsl stispping of the Qorage register
pobysitivon gates, the Mooming desiay, wnd the floatisg il
sioe regeine $x Htwgophy to schiove the desired foature steea
and mask-do-mek aligement. Contabe ageats of the desigs
henedl from emplosdng o Bthagraphy This, 2 slc-andsasteh
coandination of 5% sad §x Hhography s employed.

Pelor to desipaing the CUL & ot sy was dovaloped 1
sealunte the dimenaional Hdoliy of the fithography wppioach
pyer the required 83 myn Singonal feld ¥ was Tound tat with

| X exposurs

% for S poby-l Jowd eaploytag ¥ Msexicle

Fig ML Plodombsrogrnph o siching lanndary {pede- T phatossis pettor ia
Fowe Sosel

adeguate 5 alignment marks plaved fus coteide of the 8%
dagonsl, and with de % o properly calibraled, that the
SNl TR ot wis 8 sooeptable 704 pon aovess his
fiold,

One of e moat eoraplisnted musk fevele s the et podysil-
e doved {pady 13 To phatocumpose s Tovel three S masks
sudose 13 mask s coploved. Back of the poly | satisle mpo-
suens ds indicated by Fig § There are 1% seticle patterss being
vowbined 1 define the T s T3 movautive ares of fhe poly
i Held

Care was when in designing the oveelap mgione st the
stitch boasndacies to maintain the foaturs she sovoss the retinle
boundarics Fig. 10 shows a poly 1 photorssist paners avvess
a JesteSa stiich howndary in e fume store register with an
LED e gate plich, This phoiograph indicates typioal meticle-
wvesicle postonn shigrenent. The muasived wisagnmon ot the
griteh bovandunied e« /018
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Fig 14
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Fig 32 Quontsss efficiency of bechsble uminnted OO0 with fusied
dlooming demifis.

3580 B0B 1808

Vi, PERFORMANCE

The data taken on the COD comey from tosting of the Srsttwe
waftr Jots. The production waftr kes, ss of this writing, 3w not
eomploted, The daty was takon i the Doop STARE multipon
camers systom shown in Fig. 1L The data was oken on e
soiain arvay At @ Brene rate of 1.7 framews, with the antpud poxs
runaing ot a 2 MHz vioek suie, The dats taben on the photowmeter
was taken s & fame rate of 1000 frammesfs, with the output port
nunning at s 123 MH: olosk sate, Data was takon o the saminst
opemting wmpentue of ~83 *C,

The typivel quaaten eficiescy of the backside Hlurdnated
T with buried blovming drains and 3o satircflceiion conting
on the siticon is shown in Fig. {2, Fig, 13 shows the typival
pereentege loss of photocharge into the Mooming deain as 2
fimotion of wavelonpth, This measurament is done by simul
fsnpously measuning the blooming desio corrent and te cutps
venpt dradn ouerent v resporse 1o 8 monnchromatic g scuree.
The results verify he effoctivenens of the buried, shiclding laver
benesth the blocming deain, Testing has verified that the phad
atiblonming can contaln charpe from spilling at Hlumination
lovele woll bevond the rogubement of 150 % the saturstion level,

The furthost pixed in the seray is 7808 ransfors from the oulput
past for s theoe phase design. The iroaging mopister gatos sre

IEEE TRARBBACTIING ON SLRCTRON GRVICRS, V0L, 39, 850, 1, RRUARY 2R3

R
Fe
§ %
B i J—
N e
@ e
‘g 4 PN SR Wt
2 3
-t
R
S ¢

¢

Rty 508 SO pic 855 68 iy

Wavelangih fmmd

Fig, 13, Bignal charge loww o Moordag dewdn os 5 Roscsinn of waveleogb.

FASLE ¢
PERFORMARCE SUBEMARY
£ haractes Slessnnd Pofmenee i8R
Risle duysy
Image Siee 260w &R
Ambioachue Sptit-Prame-Trsnufer
Tyt Pogis 8
Pramas Rustse ¥ e
Piged Blae 24 pelpron ® 23 misvss
Prak OB >B9%
Anti-Mmoning > {00
Array Full Well 2 140000 5
Plovdive Floor {3 M < {3 2 RME
Ty Rangs 13 bite
Average D Querent < § piginatives
Vertieal OT3 < 3.8 % 10 wanefer
Hovizontet 011 <34 % W%manshe
Ehutmmeter
Tenage Siaw Bed
Sscliwsnse Framo-tnsnsisr
Ciatput Ports H
Frasae Ratn §,00¢ fos
Pinst Slas 34 mdvevn 3 34 miceon
Feak O RN
Anti-Macralog > §,000¥
Avay Full Well > 38R 000 ¢
Dinine Floor{1.25 MHR) T EME
Drenamie Range 3 bits

& som in pate length and the asmy s run g »30 YO, With these
design parssnetons the chasge iransfor inefficioney wes rasssurd
e L0 x 1% ger transfer in the vertical direction amd
< 2.4 X 107% por transfor in the horizomnial disestion employing
extended sige rosponse mensuriog the eversean tradler.

The aoise charscteristioy of the output amplifier were mea-
sured, The measpeed sonsstivity 8t the owipul of the flosting
diffusion snplifiery v 103 2V The solse Joved of the phor
tomeler areay vunning 31 1.2% MHz clock rate i the ouvera
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Femtosecond Laser Ablation of Silicon: Nanoparticles,
Doping and Photovoltaics
Eric Magur 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 pm 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 = 107'% s) laser pulse with a pulse energy of 100 uJ, focused to a 100-ym diameter
area results in a peak energy density on the order of 10* J/m? and a peak intensity of 1017
W/m?. Under these conditions, silicon is estimated to reach temperatures of ~ 10*-10°
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
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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 um. 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 pum 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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Chapter 1: Introduction 5

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.
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Chapter 1: Introduction 6

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 kJ/m? and 3 kJ/m?, respectively [19,21].
The fluence regime for thermal melting and ablation ranges from the point of their onset
(1.5 kJ/m? and 3 kJ/m?) to less than the threshold for ionic plasma formation (10 kJ/m?),
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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Chapter 1: Introduction 7

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/m?), 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 10*3-101°
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 with a wavelength related to the wavelength 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-

SIONYX1403000042.0102

SAMSUNG EX. 1002 - 637/4148



Chapter 1: Introduction 8

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/m?. 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.’

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/m?, [21]) even though the threshold for ionic plasma formation is considerably

The 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.
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higher (~ 10 kJ/m?). As a result, the physics of melting and ablation in our experiments
may be dertermined by fluences greater than 10 kJ/m?.

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.? 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 Hy and HyS. 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.

In addition, with each laser 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
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Chapter 1: Introduction 10

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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Chapter 2: Background 12

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/m?, well above the ablation
threshold of silicon (3 kJ/m?). 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/m? in a background gas of SFg. Fach 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 HsS
[49], the surface absorbs nearly all incident light from 0.25-2.5 pm, which is the wavelength
range of our spectrophotometer (see Figure 2.3. In contrast, irradiation was performed in
a variety of other environments including Hs [49], N, Clg, 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.

FEnhanced absorptance at wavelengths less than 1 pgm 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 Ny, Ho, Cly, and air exhibit a similar absorptance to
samples irradiated in vacuum. Between 1.2-2.5 pm, 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: SFg and
HsS (left) and No, Ho, Cls, 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/m? in a background gas of SFs. 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

polycrystalline material. Based on these observations the grain size of the polycrystalline

material ranges from 10-50 nm [46].

Al

SFg gas [46] 8 kJ/m?2 0.7 £ 0.1
SFg gas [46] 8 kJ/m?2 500 725 K 0.5+ 0.1
SFg gas [46] 8 kJ/m?2 500 875 K 0.5 £ 0.1
SFg gas [49] 10 kJ/m? 600 - 1.0 4+ 0.2
HaS gas [49] 10 kJ/m? 600 - 1.0 £0.2
HaS gas [49] 10 kJ/m? 600 900 K 1.0+ 0.2
Ar + 1% SFg gas [49] 10 kJ/m? 600 - 0.6 4+ 0.2
sulfur powder [50] 10 kJ/m? 600 1.0 +£0.2
sulfur powder [50] 10 kJ/m? 600 775 K 1.0 £ 0.2
selenium powder [50] 10 kJ/m? 600 - 0.7 £02
selenium powder [50] 10 kJ/m? 600 775 K 0.7 +£ 0.2
tellurium powder [50] 10 kJ/m? 600 - 1.5 +0.2
tellurium powder [50] 10 kJ/m? 600 775 K 1.3+0.2

Table 2.1: Summary of three previous RBS studies on femtosecond laser irradiated silicon.

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 with 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 /-V curves
of sulfur-doped femtosecond laser irradiated silicon. Right: Changes in I-V curves with
annealing. Silicon substrate is Si(111), 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 (/-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 /em? of solar radiation (AM 1.0). The lower 4th
quadrant shows a maximum power generation of 1.5 mW, resulting in a conversion efficiency

of ~ 1.5 %. Silicon substrate is Si(111), n-type (p =800-1200 Q-cm) for the photodiode
and p-type (p =1-10 Q2-cm) for the solar cell. Data obtained from references [43,52].

through the plane of a sample. Immediately following irradiation, the entire wafer 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(111), n-type, p = 800-1200 2-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/m? 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(111), 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 Ny 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 Ti:sapphire 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 Ti:sapphire crystal. The 532-nm light excites

electrons in the crystal to a high energy state. These electrons decay quickly to a slightly

SIONYX1403000043.0007

SAMSUNG EX. 1002 - 650/4148



Chapter 2: Background 21

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 Ti:sapphire
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 Ti:sapphire 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 uJ 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 1073 Torr. A convectron gauge monitors the pressure between 103~10~! 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 pm 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 pm, this
equates to & 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 Hy or HaS 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 webs that span tears

in the film. The presence of a background gas provides additional control of the structure
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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].
Fxperimental 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 (Hz) or hydrogen sulfide (HsS). 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

8-12 ©2-m) with a 1-kHz train of 100-fs, 800-nm laser pulses produced by a regeneratively
amplified Ti:sapphire laser. The silicon wafer was placed in a stainless steel vacuum cham-
ber, evacuated to about 6.7 Pa and then filled with either Hs or HsS to various pressures.
The laser pulses were focused onto the silicon to a diameter of 150 um yielding a peak
fluence of 10 kJ/m? and a peak intensity of about 10'” 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-pym 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 Hg 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 H»S 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 Hy 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
HsS and Ha, 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 Hy 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
polycrystalline 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
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Figure 3.5: Left: TEM bright field image of nanoparticles. 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 [111]-type axis.

Figure 3.6: (a) TEM bright field image of particles generated in the ablation plume of silicon
irradiated in Hy 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 [011] 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
cerystalline, 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 H2S 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 pum in length. The strands also span 10-ym 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 Hy 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-um 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 Hy 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] (105-107
K/s) or after irradiation of a silicon substrate with nanosecond [63] and picosecond [1,12]
laser pulses (> 10! 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 (10° K/s).
This cooling rate is well below the estimated cooling rate for femtosecond laser ablation

of silicon in vacuum (10'2-10'® 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 which
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 growth of crystalline silicon. Multiplying the
volume of the mean particle, 2 x 1072* m3, by the largest reported [64] value for the

3571, and inverting the result, we find that the

homogeneous nucleation rate, 2 x 101% m™
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 with 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 HoS, 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 Ho, the plume remains perpendicular to the target, indicating that the density of
the plume is similar to Hs.

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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Chapter 4

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, we
irradiated silicon in SFg gas; for selenium and tellurium, we evaporated a film onto the silicon
and irradiated in Ny gas; lastly, as a control, we irradiated untreated silicon in Ny 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, when 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 {SFs) or hydrogen sulfide (H3S) [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,' the

UThis 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 IIT 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-cm, dia. =
50 mm). Wafers were 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 1072 Torr using a mechanical pump. The chamber was 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 x107% 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 102 Torr and
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filled with 500 Torr of No. 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 No at the
same pressure as the samples irradiated in SFg.

We irradiated the wafers with a 1-kHz train of 100-fs, 800-nm laser pulses with a
fluence of 8 kJ/m? focused to a spot size of 150-um full width half maximum, FW HM.
Fluence equals the pulse energy/area, where the area (radius that intensity is 1/e of the peak
value) is 7(FW H M)?/(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 75um 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 1076 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 (R) and transmittance (T) were measured

for the wavelength range of 0.9-2.5 ym, in 1-nm increments to determine the absorptance

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 No;
and Si wafers irradiated in Ng (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 elsewhere [42,43].

Figure 4.1 shows the infrared absorptance (0.9-2.5 pm) 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 ym
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 Ng 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 ym) 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 Ng (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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Figure 4.3: Average absorptance from 1250-2500 nm for sulfur-doped (circles), selenium-
doped (squares), tellurium-doped (triangles) silicon and samples irradiated in No (dia-

monds) after thermal anneals at 7' > 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 Ng (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 N9 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 N9 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 um
due to its band gap. The absorptance of wavelengths of light shorter than 1 um 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 um (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 um is enhanced to
near-unity (see Figure 4.1). However, this behavior is not observed for all dopants, such as
the samples irradiated in Ny gas (see Figure 4.1). The Ng 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] (H,, Cls, 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 pm), we begin by reviewing what is known about their struc-
ture and composition. During irradiation of silicon with ultrashort laser pulses above the
ablation threshold [21] (3 kJ/m?) 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 10'® 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

SIONYX1403000043.0040

SAMSUNG EX. 1002 - 683/4148



Chapter 4: Mechanism of broadband infrared absorption in chalcogen-doped silicon 54

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
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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 = v/Dt, where ¢ is the annealing time;
D is the bulk diffusivity for each dopant in silicon given by D = Dgexp(—FE,/(kT)); T is
the annealing temperature; k is the Boltzmann constant; and Dy and FE, 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 Dy and F, 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 Dy and F,; 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, we 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] 247 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 Rg and an initial dopant concentration of Cy spread uniformly throughout;

diffusion occurs radially out from the center; the grain boundaries are perfect sinks (i.e.,
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