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FIG. 3. (Color online) Variation of absorptance spectrum of 1.4 J/cnr irra­
diated sample with sequential anneals for 30 min intervals in 100 °C incre­
ments. 'lite inset shows ahsorptancc at 2300 nm vs tinal anneal temperature.

peats to be no greater than in our flat samples.15 The differ­
ence in absorptance between spiked and flat materials is
likely to be due primarily to multiple reflections off the
rough surface of the spiked material. On our highest-
absorptance flat sample al 2300 nm. /?=0.29 and 7'=0.24.
We would therefore expect to cut the transmittance of flat
silicon to <10% by doubling the thickness of the highly
absorbing layer.

Mo el al. have performed ah initio calculations of sulfur
configurations and energetics in amorphous and crystalline
Si.16 They found that the lowest-energy state of amorphous
Si:S has twofold coordinated sulfur and is transparent, which
is consistent with the low absorptivity of our samples as
implanted. They also found that sulfur in crystalline silicon
prefers to occupy substitutional sites, which creates deep lev­
els and should lead to optical absorption. This is consistent
with our findings hut does not explain the absence of sharp
features in the absorption spectra. Finally, they found that
upon annealing sulfur tends to form dimers, but should re­
main optically absorbing. In Fig. 3 we show the evolution of
the absorption spectrum with sequential thermal annealing
from 200 to 700 °C in 100° intervals. There is a small re­
duction in absorptance with annealing at 200 °C. followed
by rapid reductions at higher annealing temperatures, up to
600 °C. This behavior is similar to that observed for spiked
Si formed with femtosecond laser pulses but differs from that
observed for spiked Si formed with nanosecond laser pulses.'
In the latter case the absorptance drops by less than a factor
of 2 upon annealing for 45 min al 600 °C.

Thermal annealing to 900 °C for 30 min results in only
short-range mass transport, as shown in Fig. 2, compared to
the expected diffusion length of 6 /xm for dilute sulfur in Si
(Ref. 17) at this temperature. This observation indicates that
at the high concentrations in our samples, diffusion may have
been inhibited by clustering or some other mechanism. Ac­
cording to Mo el al. the development of transparency should
not result from transitions of sulfur atoms from mclastable to
stable isolated configurations: the drop in absorptance may
be associated with the formation of metastable configurations 

such as interstitials or larger clusters than dimers. The re­
moval of sulfur from optically active configurations by an­
nealing begins at the remarkably low temperature of 200 °C.
The presence of clusters in the annealed samples was not
evident in XTEM and could not be confirmed by ion chan­
neling measurements, because the sensitivity of the latter
method is only about 2 at. %.

Pulsed laser melting offers intriguing possibilities for the
production of semiconductors that are free of extended de­
fects, have compositions not readily attainable with other
methods, possess interesting optical properties, and are
readily characterized by standard thin-film characterization
techniques. We have created highly sulfur-supersaturated
silicon with optically flat surfaces and demonstrated a sub­
band-gap absorption coefficient much greater than expected
from extrapolating measurements from samples doped with
shallow donors. We have proposed that the high 1R absorp­
tance is due to deep levels associated with sulfur in highly
concentrated solution. However, the nature of the electronic
states responsible for absorption remains to be illuminated.
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Etching of silicon can be accomplished in a number of ways: in aqueous solutions of fluoride or
KOH. or by simultaneous exposure to a gas such, as SF6 or HC1 and high power laser irradiation.
Here we review how laser assisted etching, chemically enhanced laser ablation, and stain etching
can be used to create pillars, pores, porosified pillars, and macropores. Pillar dimensions can range
from 10 /im tall with —200 nm tips to >100 /tm high with 10 /.<m tips. Ordered arrays can be
produced and sharpening can lead to aspect ratio approaching 10*.  Porous silicon with a visibly
photoluminescent nanocrystalline structure can be made by etching in fluoride solutions. Acidic
fiuoride+oxidant solutions (stain etchants) allow us to form porous silicon on substrates of arbitrary
topology. Moreover, these etchants can be used to control the photoluminescence spectrum of lite
resulting film, presumably through control of the size distribution of the nanocrystalline structures
that are responsible for photoluminescence. © 2006 American Vacuum Society.
[DOI; 10.1116/1.2188414]

I. INTRODUCTION

The restructuring of Si from a bulk crystal into smaller
structures’ leads to massive changes in band structure and
optical properties."'4 Porous silicon (por-Si) is a widely re­
searched nanocrystalline material with potential applications
its optoelectronics, biomaterials, drug delivery, laser desorp­
tion mass spectrometry, and sensors. Porous silicon is con­
ventionally produced by one of three electrochemical pro­
cesses performed in acidic fluoride solutions: (i) anodic
etching,"-5 (ii) laser assisted photoelectrochemical
etching,6”" and (iii) electroless stain etching.1" 14 Our stud­
ies regarding the latter two processes are discussed here. The
formation of pillarlike structures during laser ablation has
been known for sometime15 and, in particular, for Si.10'19 We
have made Si pillars with femtosecond ' and nanosecond
lasers'"’"* ’" as well as reactive ion etching.'" Below we dis­
cuss how postablation processing can be used to porosify

12 2 Jthese pillars-'" as well as how we use KOH to make the
pillars nanosharp."" The purpose of these etching studies is to
divine the nature of structure-property relationships and to
make optimal structures for the applications mentioned.

IL EXPERIMENT

The experimental procedures for stain etching have been
detailed elsewhere. " ' Stain etching can be performed on
high and low doped n- and p-type Si(100) or Sill 11), Stain
etchants have the generic formula of fluoride+oxidant
+ water. Fluoride can be provided either by HF or NH4HF2.
The oxidant is HNO^, FeCl2, or NaMnO4. The solutions
must be acidic and when NH4HF2 is used, HCI is added. The

“'Electronic mail: kolasinski@virginia.edu 

composition of the etchant is crucial as a balance between
the rate of hole injection (controlled by the oxidant) and
etching (controlled by the fluoride concentration) must be
maintained for por-Si formation. Harsher etching induced by
80 °C, 40 wt % aqueous KOH leads to crystallographically
anisotropic etching that does not lead to por-Si formation but
that can be used to change the gross structure of Si struc­
tures. Photoluminescence (PL) spectra were collected with a
Jobin-Yvon Fluoromax 3 spectrometer with 300 nm excita­
tion provided by a xenon lamp and scanning electron micro­
graphs were acquired on a JEOL JSM6300 scanning electron
microscope at 10 kV.

The formation of pillars depends sensitively on chemical
interactions'" as well as whether the laser pulse duration is in
the femtosecond" or nanosecond "’" ’" regime. The key pa­
rameters for good pillar formation are a laser pulse energy
density in the 1 - 3 J cm"2 range, gas pressure around
500 mbar, and a laser exposure of 500-1000 shots.

A. Laser assisted etching in fluoride solutions

The hydrogen terminated Si surface (H/Si) is virtually
impervious to attack by acidic fluoride solutions. In the ab­
sence of illumination, the etch rate of H/Si in concentrated
HF is roughly 2.5 X 1012 cm"2 s“! (~0.3 A min"2),24”26
which corresponds to a sticking coefficient of the fluoride ion
of Sdaik(F~) ~ 5 X 10~,!. However, in the presence of above
band gap irradiation of Si, the sticking coefficient of F” is
increased by ten orders of magnitude such that
5iigilt(Fj~ I.2' This remarkable increase in sticking coeffi­
cient requires only the humble irradiation of a small HeNe or
diode laser with, a cw power of a few milliwatts.

This exquisite control over the reactivity of Si allowed
Kolasinski and co-workers6”11 1:0 explore the kinetics and
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(1) Bulk hole (h+) formation
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Si Si H

(2) h+ transport to surface
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+ SiHF3 + F-
[or +SiHF2OHf{or + SiHF3}

Fig. 1. Proposed mechanism of (photo)electrochemical Si etching in fluo­
ride solutions. Alternative reactants for a given step are enclosed within
brackets, e.g, {] or i j.

mechanism of etching of Si in fluoride solutions as well as
the production of nanocrystalline porous Si (por-Si). From
this work and previously described models, ' '' a model toO’?
describe Si etching in fluoride solutions was derived."' This
model, which describes laser assisted, electrochemical and
photoelectrochemical etchings of Si in acidic fluoride solu­
tions below the electropolishing regime, is depicted in Fig. 1.
As a simplification, only the current doubling pathway is
shown, as the current quadrupling pathway is only observed
under special conditions.

Under conditions of constant illumination, step 4 of this
mechanism is the rate determining step (RDS) and it pro­
ceeds via attack by either HF or HFL The rate constant for
the reaction involving HF2 is 15±2 times faster than that for
attack by HF."7 Because of this, highly efficient etchants can
be made by using alternative sources of fluoride, such as
NH4HF2, which yield high HF2 concentrations. The compo­
sition of fluoride solutions has stirred much debate and varies
in a highly nonlinear fashion based on its components.33
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Fig. 2. Hole injection and the electrochemical potential, (a) The band gap
along with the CBM and VBM shifts with decreasing Si nanostructure size
(reproduced from the data of Ref. 34). (b) Hole injection can only be ac­
complished by an acceptor level, e.g., that lies below the VBM but not,
e.g.., B\ above it.

The key to turning on the reactivity of H/Si is the cre­
ation of a hole that diffuses (or is driven) to the surface (step
1). This can be accomplished by above band gap radiation.
The etching that is unleashed is highly anisotropic and leads
to por-Si formation. Porous Si formation'" can be under-
stood within the model of Lehmann and Gosele'" as a self­
limiting quantum effect. As the nanocrystallites in the walls
of por-Si become smaller than ~5 nm, quantum confinement
effects cause an increase in the band gap and a depletion of
the holes required to initiate etching. As the diameter de­
creases, the conduction band minimum (CBM) shifts upward
in energy and the valence band maximum (VBM) shifts
downward. The data of van Buuren et al.'4 demonstrating
this are replotted in Fig, 2(a). Once the band gap has in­
creased sufficiently, photon absorption [depicted by the ver­
tical arrow in Fig. 2(b)j no longer occurs; therefore, a hole
cannot be produced and the nanocrystallite is impervious to
further etching. Since the PL wavelength depends on the size
of the nanocrystallite, smaller diameter particles lead to bluer
PL."' Hence, bluer illumination during etching should pro­
duce smaller crystallites and bluer PL, This was observed by
Kolasinski et al.10 A linear relationship between the peak PL
wavelength and the illumination wavelength was found for
illumination of 473-730 nm.
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Fig. 3. PL spectra of por~Si films produced by three different stain etchants.

B. Silicon stain etching

Stain etching14 is an electroless electrochemical process in
which an oxidant is mixed with a fluoride source. While it
has been known for sometime that stain etching produces
visibly photoluminescent36”34 nanocrystalline por-Si, little
progress had been made in changing the character of the
photoluminescence or the morphology of the resulting films.
This changed with the work of Mills et al.1'" and Nahidi and
Kolasinski.1"’16

Consider the crucial hole creation step in the etching
mechanism and the role of quantum confinement induced
depletion of carriers. In the case of laser assisted etching, the
energy of the photon in relation to the band gap determines
whether the photon can create the necessary hole and initiate
reactivity. In stain etching, the role of hole initiator is per­
formed by the oxidant and it is the electrochemical potential
Eo relative to the band edges of Si that determines whether
the oxidant is capable of injecting a hole into the Si valence
band. This is illustrated in Fig. 2(b) in which the affinity
levels of two oxidants are shown. A*  has a level below the
VBM and this can inject a hole into (accept an electron, from)
the Si. On the other hand, the affinity level of B+ lies above
the VBM and is incapable of injecting holes. Consequently,
A+ is able to initiate etching whereas 6”' cannot.

The convention of the electrochemical series is such that
the more positive the value of the standard electrode poten­
tial, the lower in energy is the affinity level relative to the
energy axis in Fig. 2. By way of tmalogy then, we predict
that the more positive the electrochemical potential, the
smaller the critical dimension of the Si nanocrystallites and
the bluer the PL. Of course in reality, the picture is not quite
so strict. The energy of the affinity level depends on solution
composition. Band bending and hydrogen diffusion into the
bulk in addition to quantum confinement affect the position
of the VBM.40 Thus we should expect a distribution in ulti­
mate crystallite sizes.

That our expectation is fulfilled is demonstrated in Fig. 3.
The wavelength of the PL. intensity maximum correlates with

Eo. The PL from a film etched with Fe3+ [£0=0.47 V versus
the standard calomel electrode (SCE)J peaks at 696 nm,
compared to 654 nm for HNO? (E0=0.66 V) and 604 nm for
Mn©4 (Eq =1.19 V). Note that we have yet to perform a
direct determination of the crystallite size distribution and
that significant sample-to-sample variations in the PL maxi­
mum have been observed but we believe that we have idea-
tilled the factors that control this variability.’' The trend in
peak wavelength versus Eq is clear.

The PL spectrum is not the only characteristic of the film
that we can alter by changing the film composition. The film
morphology depends on the concentration and composition
of the stain etchant. One of the most obvious aspects of
morphology is the homogeneity of the film. The color of a
por-Si film with flat interfaces is determined by thin film
interference effects, which are in turn dependent on the op­
tical path length of the film. The optical path length depends
on the film thickness and refractive index, which in turn
through effective medium effects depends on the porosity.”
Uniform color indicates uniformity of thickness and porosity.
We observed a tremendous reduction or complete elimina­
tion of bubbles when HNO3 is replaced by Fe(III) or Mn-
(VII). The elimination of bubbles yields much more homo­
geneous films than those obtained with the traditional stain
etchants containing HNO5.

Differences in the structures of the films also result from
using stain etchants of different compositions. A NaMnO4
based etchant leads to a rectangular superstructure, which is
penetrated by 1-2 um diam macropores, as seen in Fig.
4(a), when etching is performed on a Si(100) substrate. The
macropores are, in turn, covered with a microporous layer. A
NH4HF2/HNO3 based etchant leads to a structure, Fig. 4(b),
which is similar in that 0.8-2.6 /zm circular macropores are
covered with a microporous layer. However, the rectangular
superstructure is missing and the density of macropores is
much lower. Replacing NaMnO4 or HNO3 with FeCl? leads
to a homogeneous microporous layer. Because such films are
largely featureless down to the scale of —100 nm, we do not
show a micrograph of this structure. To contrast these film
structures with the conventional, we show' a micrograph from
a film made with a 2:1:2 by volume HF/HNO3/H2O etchant
in Fig. 4(c). The surface is covered with an irregular stringy
structure. Because this stringy material shows evidence of
charging during imaging, it is likely oxidized silicon. This is
consistent with previous reports of an amorphous surface
layer. ’6’4" Beneath this structure lie a very rough surface and
a microporous film. No evidence for an oxidized layer on top
of the porous layer is found for any of the transition metal
ion containing etchants.

C. Chemically assisted laser ablation in SF6

Much like H/Si in HF(aq), Si with or without its native
oxide is inert to SF6 even under moderate power laser illu­
mination. However, by increasing the power of either a nano­
second or femtosecond pulsed laser to the regime where ex­
plosive melting of the substrate begins, the ablation rate is
increased substantially by the presence of SF6,4j If the laser
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Fig. 4. Scanning election micrographs of por-Si films produced in etchants
based on (a) NH4HF2/NaMnO4, (b) NH4HF2/HNO3, and (c) HF/HNO3.

pulse fluence is kept near 3 J cm~z for nanosecond
irradiation10 or 1 J cm ’2 for femtosecond irradiation/8 pillar
formation accompanies ablation.

In the femtosecond irradiation regime/11 we find that the
size and packing density of the pillars scale with the wave­
length of the laser. A short wavelength of 390 nm produces
pillars that are 10-25 /rm long with a tip separation of
3-4.5 /rm. For 780 nm irradiation, heights of 30-70 /tm
and mean tip separations of 9-15 /xm were found. The cone
angle is the same in both cases and the tops of the pillars are
at roughly the height of the original surface or slightly below.

The response of the pillar spacing to laser wavelength is
consistent with a formation mechanism involving diffraction,
much as seen for laser induced periodic surface structures
(LIPSSs)/4 It also implies that if we intentionally created
intensity modulations in the incident beam, we should be
able to use these modulations to create order among the pil­
lars. In Ref. 20 this trick was successfully demonstrated.
Rows of pillars were aligned such that the pillars form near
the minima in the laser intensity profile.

In the nanosecond irradiation regime, "*  ’ the pillars
produced can exceed 100 /rm in height, extending > 10 /rm 

4,

Fig. 5. Scanning electron micrographs of Si pillars, (a) Pillars formed by
irradiation in SFs. (bl Pillars formed in HCi. (c) An ordered array obtained
in SF6 by irradiating a substrate into which, a grating was ruled prior to
exposure.

above the original substrate surface. Hence redeposition and
growth are intrinsic parts of the formation mechanism'* ’’ for
nanosecond pillars whereas they are not as important for
femtosecond pillars. The nanosecond pillars are typically
--5-10 /rm across at the top. Raman analysis"1 demon­
strates that they do not contain amorphous silicon. The for­
mation of pillars by nanosecond irradiation is always
preceded by the formation of deep precursor holes.
Similar precursor holes are not observed during femtosecond
irradiation.

The formation and morphology of pillars are very sensi­
tive to the gas composition.21 As shown in Fig. 5, the most
regular structures are formed in SF6 whereas more massive,
blunter structures are formed in HCl/He mixes. The SF6
pillars are solid core and crystalline. The HCI pillars often
have a spackled look to them. While their Raman spectra
indicate that they are composed of crystalline silicon with
crystallite sizes too large to exhibit quantum confinement
effects on the phonon spectrum, the pillars are not com-
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Fig. 6. Scanning electron micrographs of a Si pillar formed by irradiation in
SF6 followed by porosification by etching in an NHTIFj/Fe”7H-,O
solution.

pletely solid core. Evidence for this is found in Fig. 7(b) and
suggests that the agglomeration of Si clusters plays a role in
the growth of the HC1 pillars. The HO pillars also tend to
droop in the direction of gravity’s pull whereas the SF6 pil­
lars project straight up from the surface. This suggests that
tlie HC1 pillars experience flow in the molten state and the
absence of flow for SF6 pillars. As SF6 is diluted in He or Ar
while maintaining a constant total pressure of 500 mbars, the
appearance of the pillars also tends to take on a spackled
look.

The precursor holes are the key to nanosecond pillar for­
mation. By controlling the positions of the precursor holes
we are able to control the positions of the pillars that form
from them.'' This has been achieved by ruling a grating into
the Si substrate prior to irradiation. Diffraction in the rule
amplifies the laser intensity locally. This enhances the rate of
formation of die first set of precursor holes and aligns them
along the rule. Coupling of this row of precursor holes to
subsequent rows is provided by lattice defects and strain in­
troduced into the region adjacent to the first row of precursor
holes by rapid melting and cooling of its silicon walls. The
increased defect formation enhances the rate of ablation in
the adjacent areas and provides tlie coupling between rows
that allows for long-range alignment. We have grown arrays
of ordered pillars over areas as large as 1 cm2 by rastering
the substrate during irradiation. An ordered array of pillars is
shown in Fig. 5(c).

D. Postproduction etching of Si pillars

For numerous applications, it is of interest to modify tlie
structure and dimensions of the pillars. This is possible by
postproduction etching in aqueous solutions. For use as a
drug delivery or gene transfer agent, it may be of interest to
porosify the pillars. A conventional anodic etching scheme
might be complicated by the introduction of a trace of S into
the pillars during chemically assisted laser ablation.”6 In ad­
dition, the irregular morphology leads to a dramatically
modulated field density upon biasing, which could lead to
nonuniform etching. Because of this, we have attempted and
succeeded at porosifying the pillars using stain etchants. "'

The pillar shown in Fig. 6 was formed by nanosecond
laser ablation in SF(, followed by etching in an 

Fig. 7. (a) ST, pillar that has been sharpened by etching in KOH. (b) HO
pillars after etching in KOH. (c) Macropores formed by a 10 min etch of a
pillar-covered Si{100) substrate.

NH4HF2/Fe3+/H2O solution. This etchant is particularly
well suited to the etching of the pillars because it releases
significantly fewer bubbles than a conventional HNO3 con­
taining etchant. A pillar-covered surface exposes at least one
order of magnitude more surface area than a planar surface.
Hence they are much more susceptible to the deleterious ef­
fects of bubble formation. The stain etching coats each of the
pillars with a microporous layer but leaves the gross struc­
ture of the pillars unaltered. The pillars have lost none of
their height and they still possess a blunt tip. Whereas no PL
is observed from the as-formed pillars, subsequent to stain
etching the pillars are brilliantly photoluminescent in the vis­
ible. The angular distribution of the PL exhibits significantly
more intensity at high angles than does PL from a planar
por-Si sample?”

Etching in 40 wt % KOH at 80 °C is .more aggressive.
When performed for only 1-2 min, it can be used to sharpen
the pillars while reducing their height minimally. This is il­
lustrated in Fig. 7(a) for pillars formed in SF6. Pillars ap­
proaching 100 /i.m long with — 10 nm tips, i.e., with aspect
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ratios of near 104, have been produced in this way. That
sharpening occurs for SF6 pillars is nontrivial and takes ad­
vantage of their solid core. The HC1 pillars do not have a
solid core. Therefore, when they are etched in KOH, a com­
bination of pore wall thinning and capillary forces conspires
to fell the pillars. The result. Fig. 7(b), looks like a forest
after a hurricane.

If etching is continued for longer periods, the pillars are
removed completely and macropores are formed.lz What is
left behind is a remnant of the initial precursor hole distribu­
tion. Because of the anisotropy of the KOH etchant, the
macropore shape is determined by the substrate crystallogra­
phy. Rounded, hexagonal niacropores are formed on Sil 111)
and rectangular macropores, such as those shown in Fig.
7(c), are formed on Sil 100). The macropores are rather uni­
form in size with a 10 min etch producing macropores that
are 17-20/tm in diameter on Si(lll) and 13-17 /rm in
edge length on Si(100).

Hi. CONCLUSION

Silicon is a material over which we can exercise exquisite
structural control by the implementation of a variety of etch­
ing schemes. This control extends from the nano—through
the meso-—to the macroscopic scale. Chemically enhanced
laser ablation allows us to process large areas rapidly to cre­
ate pillar structures. Based on the laser parameters, we can
either make relatively small (10 luh tail with —200 nm tips)
or quite large pillars (>100 /rm high with 10 gm tips). Or­
dering of these pillars over macroscopic length scales can be
achieved by optical tricks involving diffraction to modulate
the laser intensity profile. The shape of the pillars can be
further modified by etching in KOH. This has allowed us to
create freestanding Si structures with perhaps die highest as­
pect ratio (approaching 104) ever achieved.

We can also bore pores into silicon. Laser assisted etching
in aqueous fluoride solutions allows for selected area forma­
tion of nanocrystalline porous silicon. Stain etching in acidic
fluoride+oxidant solutions facilitates the formation of po­
rous silicon on substrates of arbitrary topology. We can even
use .stain etching to porosify the pillars made with laser ab­
lation. Furthermore, an understanding of the role that the
oxidant plays has allowed us to develop alternative classes of
stain erchaats. With these etchants we can control the photo­
luminescence spectrum of the resulting film as well as (pre­
sumably) the size distribution of the nanostructures in the
film that are responsible for the photoluminescence.

This work was supported by the University of Virginia
and the National Science Foundation TGERT Program under
Grant No. 9972790.
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PbS colloidal quantum dot photoconductive photodetectors: Transport,
traps, and gain
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We investigate experimentally the origins of gain in PbS colloidal quantum dot photodetectors. We
employ measurements of photocurrent, its transient behavior, and dark current over a wide range of
temperatures. We find the hole mobility to have an activation energy of 0.16 eV, and we identify
photosensitizing centers at —0.1, 0.2, and 0.3 eV below the conduction band edge. These centers
account for the 60, 300, and 2000 ms fall times observed in the transient response of the
photocurrent at room temperature. These centers enable us to account for the constancy of
photoconductive gain across the wide temperature range of 250-340 K. © 2007 American Institute
of Physics. [DOI: 10.1063/1.2800805]

The sensitive detection of light is of central importance
in imaging, environmental sensing, and spectroscopy. Photo­
diodes made using silicon provide one route to the sensitive
detection of visible light. The use of complementary metal-
oxide semiconductor silicon is attractive because it enables
image sensor realization via monolithic integration of photo­
detection and analog gain and even digital processing on a
single chip.1

An equally convenient, but more versatile, alternative to
silicon-only photodetection has recently emerged. It has been
shown" that it is possible to fabricate, by simple solution
processing, a top-surface visible-wavelength photodetector
monolithically integrated with an arbitrary substrate. These
sensors can exhibit responsivities vastly exceeding those of
silicon photodiodes, and low-noise performance that leads to
noise-equivalent intensities rivaling silicon. The versatility of
these recent devices arises from the ease with which the
bandgap of the light-absorbing material may be tuned: col­
loidal quantum dots are widely known for their capacity to
exhibit size-effect tuning, leading to corresponding con­
trolled variations in the spectrum of photodetector
responsivity,3 laser emission wavelength,4 and modulator
bandwidth.5

In contrast with silicon photodiodes, which exploit
electron-hole separation across a p-n junction, recent reports
of sensitive colloidal quantum dot photodetection have relied
instead on photoconduction. In a. hole-based photoconductor,
absorption of a photon results in the generation of an
electron-hole pair whose electron is rapidly captured into a
trap with (long—microsecond, millisecond, or even second)
lifetime rf;. Under an applied bias, the flowing holes transit
the device in a time trr. As long as the trapped electron is
substantially immobilized, G-tJt, holes worth of current
may be collected for every electron-hole pair created. The
responsivity of the device R is then given by riqGlh v, where
y is the absorbance (also known as quantum efficiency).
High gain and responsivity thus originate from efficient
transport of one carrier combined with long-lived trapping of

° 3 ~the earner of the opposite type."’

■*-Electronic  mail: ted.sargent@utoronto.ca

Since extended trap state lifetime lowers the speed of
response—if excessive, it can lead to unacceptably long lag
in imaging applications—control over the trap states present
in a quantum dot solid is of high importance. There exists a
considerable body of evidence pointing to the existence of a
multiplicity of trapping centers in colloidal quantum dot sol­
ids. Recent reports on PbS, for example," found that the
frequency-dependent response varied systematically with the
level of illumination: longer-lived, deeper-lying traps were
presumably filled first, providing gain but slow response at
low light, and lower gain but faster response under higher
levels of illumination.

For these reasons, we set out herein to elucidate in
greater detail a physical picture of the trap states that exist in
PbS colloidal quantum dot films. Bulk PbS has been widely
studied, and below we compare our findings with past re­
ports on these materials. However, since conventional poly­
crystalline PbS and colloidal quantum dot PbS differ
substantially—in their characteristic dimensions (50-150
versus 1-10 nm), their surface passivation (oxides and sul­
fates versus organic ligands plus oxides and sulfates) , and the
absence or presence of quantum confinement—we begin
with a detailed presentation of our experimental findings in
the case of PbS nanocrystals.

We fabricated photoconductive photodetectors by spin­
casting PbS nanocrystals of —3 nm in diameter onto a gold
interdigitated electrode. The nanoparticles making up these
films were capped with 2-nrn-long oleate ligands. We ettrried
out a solid-state ligand exchange to the much shorter
ra-butylamine ligand to improve transport." Absorption and
photocurrent responsivities both exhibited onset near
800 nm, The interelectrode spacing on the substrate was
5 /tm and the length was 3 mm. The thickness of the colloi­
dal quantum dot film was measured to be —250 nm. All
optoelectronic studies were performed under vacuum inside
a liquid nitrogen cryostat. For transient photocurrent mea­
surements, samples were illuminated using a 640 nm light­
emitting diode modulated using a square wave (rise and fall
times less than 1 ps) at a frequency of 100 mHz. Tempera­
ture dependencies were explored in 10 K increments with an
increase rate of 1 K/min; samples were left to equilibrate
10 min at each temperature level. Samples were measured at
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FIG. 1. (Color online) Determination of sensitizing centers via photocurrent
thermal quenching, (a) Photocunent as a function of temperature at two
illumination levels. The activation energy of the photocurrent is determined
by the mobility activation energy. At higher temperatures photocurrent
quenching is observed- (b) Photocurrent quenching taken as the photocur­
rent at higher temperatures with the mobility contribution component sub­
tracted. Die slope of the quenching provides the depth of the sensitizing
centers from the conduction band. Two sensitizing centers are discovered
with energy depths of ~0.1 and 0.3 eV from the conduction band.

2.0- ......

iS“ s.---—- 8.22 eV

1.9

—A— -69 ms , . »
--SJ- -300 ms (|J I

-s-.~2sec ’ '

0.5 - ______ 4....... A.............
„ „ 0.09 eV8-°Ux_------------ ,,....................................t-

3,v 3.5 O

1Q0Q/T (K'h

(C)
CS 3.9 eV

0.1 eV 1 Sensitizing
-----------  0.3 eV J centers 

room temperature before and after the full temperature and
measurement cycles: before-and-after hystereses of less than
.5% were observed.

Photocurrent levels and transient provide the most direct
insight into sensitizing trap states; we begin with these re­
sults. In Fig. 1(a) we present the logarithm of responsivity as
a function of temperature. At low temperatures (below
250 K), photocurrent shows a single activation energy of
0.16 eV. We separately measured dark currents and found
these io exhibit the same activation within experimental un­
certainty over this same temperature range. Since photocur­
rent and dark current are both linearly proportional with mo­
bility, we attribute the growth in photocunrent with
temperature up to 250 K to improved transport, and we as­
sociate the 0.16 eV activation energy with mobility. Ther­
mally activated hopping transport has previously been ob­
served in colloidal quantum dot solids.6

At temperatures above 250 K, photocurrent shows a dra­
matic saturation, whereas dark current continues to grow at
or above the rate of 0.16 eV. In this higher-temperature re­
gime, thermal energy is presumed to become sufficient to

VB 5.5 eV

FIG. 2. (Color online) Determination of sensitizing centers via transient
photocurrent measurements, (a) Transient photocurrent measurements as a
function of temperature exhibit three exponential decay components with
time constants at room temperature of 60 ms, 300 ms. and 2 s at 300 K. (b)
The plot shows the dependence of the time constants as a function of tem­
perature and provides additional information on the sensitizing centers’
depths. This technique reveals in the addition of the 0.1 and 0.3 eV another
center 0.22 eV from the conduction band, (c) Band diagram of the proposed
model for photoconductivity in PbS quantum dot photodetectors.

accelerate the emptying of the electron traps whose long life­
times are responsible for photosensitivity.

To reveal this photocurrent quenching more fully, we
plot in Fig. 1 (b) the photocurrent quenching—defined as
photocurrent divided by mobility-—as a function of tempera­
ture. The quenching activation energies that are revealed as a
result enable a first estimation of the energy depth of the
sensitizing centers measured relative to the conduction band
edge. Figure 1(b) indicates two levels, —0.1 and —0.3 eV.
The smooth transition between the two suggests a distribu-
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tion in sensitizing center energies as opposed to purely dis­
crete levels.

The quenching rate is expected to be proportional to
N,JNS exph-AE/kE), where ;V,: is the density of states in the
conduction band, Ns is the sensitizing center density, and AE
is the energy depth from the conduction band. By subtracting
the mobility contribution to photocurrent, we estimate
N,A ~ 1018 cm"3 associated with the 0.1 eV center and
A's2 — 1014 crn”3 associated with the 0.3 eV.

The particulars of the multicomponent transient response
to changing illumination give considerably more direct infor­
mation on trap state levels. The emission rate of a trap state
into the conduction is given by r-1 = (r„Ar,uih exp(-AE/AT),
where <rr, is the capture cross section of the trap, N.; is the
density of states in conduction band, t.>th is the thermal veloc­
ity of the carriers, and AE is the energy depth of the trap
measured relative to the conduction band edge. The transient
decays of photocurrent revealed three main components,
each having its own temperature-dependent time constant.
Figure 2(b) shows the three temporal components that at
room temperature exhibit characteristic time constants of
~60 ms, 300 ms, and 2 s. Figure 2(b) illustrates the natural
logarithm of the product tT1/2 (plotted to account for the
dependence of thermal velocity on temperature and thus sim­
plify the extraction of the exponential activation process).
These components exhibit characteristic activation energies
of 0.09, 0.22, and 0.34 eV, the deeper center accounting for
the slower components of temporal response. These values
agree well with the activation energies extracted from tire
photocurrent quenching analysis above, indicating that accel­
erated trap emptying substantially accounts for the striking
temperalure invariance of gain at room temperature.

We propose in Fig. 2(c) simple picture of the inferred
trap levels. When the photodetector is illuminated, the quasi­
Fermi levels move toward their respective band edges. When
the electron quasi-Fermi level encompasses the sensitizing
centers, intensity-dependent saturation results.

We now compare these findings with those observed in
polycrystalline PbS photodetectors. Sensitizing centers at­
tributable to oxidation sites on PbS (Ref. 7) have been found
to lie 0.16 and 0.32 eV below the conduction band of bulk
PbS (Ref. 8) and depend on the growth mechanism and
deposition conditions. If the sensitizing centers in PbS nano-
crystals were due purely to highly localized states at the
nanoparticle surface and were uninfluenced by quantum-
confined electron states within the nanoparticles, one would
expect to see at least one much-deeper electron trap in the
quantum dot ease compared to the bulk. Since this is not
observed experimentally, it appears that the combination of
dot surface passivation and quantum confinement together
determine the trap state energy.

In summary, this work provides physical insight into the
operation of sensitive high-gain PbS colloidal quantum dot
photodetectors via investigation of the dependence of photo­
current- on temperature. The energy levels of the sensitizing
centers responsible for high gain have been determined ex­
perimentally. The findings presented herein facilitate device
optimization, pointing as they do toward trap state engineer­
ing aimed at improving further the temporal response of
photoconductive devices for low-lag imaging applications.

Larissa Levina is gratefully acknowledged for providing
PbS nanocrystals. Jason Clifford is also acknowledged for
fruitful discussions.
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ABSTRACT

Photoconductive photodetectors fabricated using simple solution-processing have recently been shown to exhibit high gains (>1000) and
outstanding sensitivities (D*  > 1013 Jones), One ostensible disadvantage of exploiting photoconductive gain is that the temporal response is
limited by the release of carriers from trap states. Here we show that it is possible to introduce specific chemical species onto the surfaces
of colloidal quantum dots to produce only a single, desired trap state having a carefully selected lifetime, to this way we demonstrate a device
that exhibits an attractive photoconductive gain (>10) combined with a response time (—25 ms) useful in imaging. We achieve this by preserving
a single surface species, lead sulfite, while eliminating lead sulfate and lead carboxylate. In doing so we preserve the outstanding sensitivity
of these devices, achieving a specific detectivity of 10'2 Jones in the visible, white generating a temporal response suited to imaging applications.

Optical sensing in visible and near-infrared regions is of
utmost importance for conventional imaging,1 passive night
vision,2 and biomedical imaging.3 The sensitivity of a
photodetecting material is quantified through the figure of
merit D*,  the specific detectivity, in units of Jones. A high
D*  value corresponds to a device having, for its area and
detection bandwidth, a high ratio of signal-to-noise for a
given light level.

Also important in photodetection is temporal response. If
tire response of a photodetector to an optical transient exceeds
the frame period, then lag, or ghosting, will be perceptible
in the image. Conventional imaging applications typically
require frame rates in the range of 10, 15, 30, or 60 frames
s”!. Temporal responses having time constants in the range
of tens of milliseconds are thus required.

There exists a high degree of interest in novel materials,
and novel processing methods, for the realization of innova­
tive imaging systems. Solution-processed optoelectronic
materials offer large area at low cost,4 the benefits of physical
flexibility, the 100% Illi factor associated with a top-surface
photodetector technology? and the capacity to sense wave­
lengths, such as those in the short-wavelength 1R,6 not
accessible to conventional electronic materials such as silicon.

A, novel approach, based on colloidal quantum dots,5”8 has
recently emerged that addresses the limitations of conven­
tional bulk semiconductor technology. However, to date, 

colloidal quantum dot photodetectors have exhibited either
superb sensitivities (D*  > 1013 Jones) but slow response
(hundreds of millisecond transients)”’6 or rapid response
(megahertz and above) but low sensitivity (D*  < 10iu
Jones),8 but not both requisite features simultaneously.

Here we show that it is possible, through careful control
over materials composition, to engineer the temporal response
of photoconductive photodetectors to achieve outstanding
sensitivity and acceptable temporal response simultaneously.

Photoconductive gain is given by rjri, where rt is the time
for the flowing earner to transit the extent of the device and
rc is the carrier lifetime. From a sensitivity point of view
alone, this argues for longer trap state lifetimes. However,
the temporal response is directly determined by the carrier
lifetime. The challenge of practical photoconductive photo­
detector design is thus to establish a suitable balance between
gain and temporal response and to control material composi­
tion with care to implement the resultant design.

We previously investigated the energy levels associated
with trap states in PbS colloidal quantum dot photodetectors9
that exhibit gains on the order of a hundred AAV. Three
sensitizing centers, the energy levels of which resided
approximately 0.1, 0.2, and 0.34 eV from the conduction
band, resulted in carrier lifetimes of ~60, 300, and 2000 ms
(Figure 1). Though the shortest lifetime of 30 ms is suited
for many imaging applications, the longer ones, which
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Figure 1. Temporal response of photocurrent in butyl amine, formic
acid, and ethanethiol treated nanocrystal films. Butylamine treated
films exhibit a photocurrent decay with multiple time constants of
approximately 60, 300, and 2000 rns. Formic acid treated devices
yield a main photocurrent decay lime constant of ^420 ms.
Ethanethiol treated devices show a faster photocurrent decay with
a time constant of ~27 ms, the photocurrent decays to the dark
current state within less than 200 ms (shown m the inset).

dominate at lower optical intensities in view of their lower
energies, introduce unacceptable lag.

Herein we present a framework that allows identifying
specific oxide species existent on the quantum dots surface
as sensitizing centers and their mapping to their correspond­
ing time constants. We elucidate a device fabrication
sequence that facilitates suppression, of the longest lived trap
states, preserving sensitization only via the shortest (tem­
porally), thus the shallowest (energetically), trap state.

Photoconductive devices were fabricated by spin coating
oleic acid-capped nanocrystals10 onto prepattemed interdigi­
tated gold electrodes. The quantum dots’ first excilonic peak
lays at 790 nm. The thickness of the devices was kept
constant around 250 nm. The active area of the device is
circumscribed by the 5 iim separation of the electrodes and
their 3 mm length. For illumination, a 642 nm light-emitting
diode producing optical intensity at the sample of 3.1 «W/
cm2 was used unless otherwise stated. The bias applied to
the devices studied herein was 10 V, corresponding to an
electric field of 2 V/ttm. All photoconductive measurements11
were perfomied with devices loaded in a cryostat under
vacuum conditions so that oxygen and moisture chemad-
sorption effects are eliminated.

X-ray photoelectron spectroscopy (XPS) analysis of nano­
crystals treated using butylamine revealed the presence of
lead sulfate (PbSOj, lead sulfite (PbSO3), and lead carboxy­
late attributable to oleic acid ligands attached to the nano­
particles’ surfaces. XPS analysis of the S 2p signal yields a
peak at 165.5 eV attributable to PbSCF and a peak 167.8 eV
resulting from PbSC>4 (Figure 2b), whereas Pb 4f signal
analysis revealed oxidized states assigned to PbSO4 and
PbSO3 at 138.5 eV and a highly oxidized state of Pb found
at 139.1 eV associated with Pb—carboxylate (Figure 2a). To
verify this last finding, we carried out XPS on Pb—oleate
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Figure 2. XPS spectra of Pb 4f (a) and S 2p (b) signal from
butylamine, formic acid, and ethanethiol treated nanocrystal films
used as photodetectors. The lines show the energy levels associated
with the reported species.

(the same used for PbS nanocrystal synthesis), revealing a
single peak of Pb at 139.1 eV (see Supporting Information
for detailed analysis of XPS results).

We then investigated whether we could correlate the lead
carboxylate peak (due to the oleic acid—Pb bond) with a
corresponding sensitizing trap state having a specific tem­
poral response. We treated nanocrystal films with a 30% by
volume solution of formic acid in acetonitirile to exchange
the long oleic acid ligand with a shorter one. In so doing we
reduced inter-nanoparticle spacing while preserving the
carboxylate moiety bound to Pb atoms on the nanocrystal
surface. In this way, we transformed insulating devices into
photoconductive detectors. Temporal measurements of pho­
tocurrent response revealed a main time constant of ~420
ms (Figure 1) and also a faster component with time constant
~33 ms. XPS revealed an oxidized component to the Pb 4f
signal at 139.1 eV characteristic of the Pb—carboxylate
group, as illustrated in Figure 2a as well as a signal at 138.5
eV arising from the existence of PbSO3 as verified by the S
2p signal (Figure 2b). This evidence suggests that either
Pb—carboxylate or PbSO3 serves as a sensitizing species
having an (undesirably long-lived) ~420 ms time constant.
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Table 1. Summary of the Correlation between Oxide
Species and Photocurrent Time Constants Observed in
Variously Treated PbS Nanocryslal Films

treatments oxides time constants
as synthesized PbSOg

Pb-carboxylate
PbSO4

butylamine PbSO.j ■'-60 ms
Pb -carboxylate -^300 ms
PbSO4 ~2 s

ethanethiol PbSOg -'-27 ms
ET + aging in ambient PbSOg ~38 ms

PbSO4 ~3 s
Formic acid PbSOg ~33 ms

Pb -carboxy late '"'420 ms

Ill order to unmask which among the carboxylate/sulfite
species is responsible for the ~420 ms time constant, we
sought to remove completely the oleate ligands. We sought
a ligand, short enough to promote transport, and lacking
carboxylate functionality. To make the replacement of the
carboxylate-terminated ligand thermodynamically favorable,
we posited that we would require an endgroup that would
bind to the Pb more strongly than Pb—carboxylate. We
selected ethanethiol for its short length and its thiol moiety
expected to bind strongly with Pb. We treated the devices
by dipping in 40% by volume ethanethiol in acetonitrile for
approximately 5 min. We removed the device from solution,
rinsed with acetonitrile, and dried.

From the absence of the Pb 4f peak at around 139.1 eV
(Figure 2a), we conclude that oleate ligands were indeed
entirely removed from the nanocrystal surface. Thiol treat­
ment also removed polysulfites and lead sulfate from the
nanocrystal surface leaving PbSO?, as the sole oxidized
species (Figure 2b). Transient photocurrent measurements
showed that ethanethiol (ET) treated nanocrystal films
exhibited a single transient component having a ~27 ms time
constant at room temperature (Figure 1),

We summarize in Table 1 the observed correlations
between species and temporal components. We found that
PbS nanocrystal films having lead sulfate (PbSOg), lead
sulfite (PbSOs), and lead carboxylate manifested photocurrent
decays having time constants r-2 s, 300 ms, and ~60 ms.
PbS nanocrystals possessing lead carboxylate and PbSOs
exhibited a photocurrent decay with time constants ~420
and ~33 ms. Thiol treated nanocrystals on which only lead
sulfite was present exhibited a single photocurrent relaxation
time constant of ~27 ms. We confirmed the association
between the sulfate and the 2 s time constant by aging a
thiol-treated device in ambient for several hours: we found
that a slow component emerged having the several-second
time constant and found using XPS that significant growth
of lead sulfate had taken place (see Supporting Information).

We sought to investigate in greater detail the energy level
associated with the desired 27 ms trap state. In photoconduc-
tive photodetectors, photocurrent is given as

/ -=: Pvqr^/krr, = Prrq^uE/ hvL

where P is the impinging optical power, rj is the quantum
efficiency (or absorbance), rc is the carrier lifetime, Tt is the
transit time, and E is the applied electric field across the
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Figure 3. Photocurrent temperature spectroscopy results, (a)
Photocurrent vs temperature and photocurrent quenching vs tem­
perature (shown in inset) reveal a single sensitization center 0.16
eV below the conduction band, (b) Photocurrent temporal response
as a function of temperature reveals an activation energy of the
sensitizing center of 0.12 eV below the conduction band, in good
agreement with the value extracted via photocurrent quenching.

device of length L. Photocurrent is thus proportional to
mobility and carrier lifetime, hi sensitized photoconductors.
at low temperahires where all trap states act as sensitizing
centers, i.e., the electroti quasi-Fermi level lies between the
trap state energies and conduction band edge, carrier lifetime
is temperature insensitive.12 Photocurrent then follows the
mobility dependence on temperature which for nanocrystals
solids has been reported to vary as:

- £’-*7

where /z0 is the temperature invariant mobility factor and Ea
is the mobility activation energy.13 With increasing temper­
ature, the electron quasi-Fermi level drops followed by
thermal depopulation (or desensitization) of the electron trap
states. Carrier lifetime then becomes temperature dependent
characterized by a thermal emission rate given by

r 1 -- - ir,Wc<’dl exp(—AE/kT)

where is the capture cross section of the trap, Ay is the
density of states in conduction band, y!h is the thermal
velocity of the carriers, and AE is the energy depth of the
trap measured relative to the conduction band edge. Photo­
current in this regime is determined by the two competing
mechanisms of increasing mobility and decreasing lifetime
with temperature, leading to photocurrent quenching.
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Figure 4. (a) Spectral responsivity and detectivity of the ethanethiol
treated device considered a modulation frequency of 10 Hz. (b)
Responsivity and specific detectivity as function of modulation
frequency at 450 nm wavelength.

The method of experimental investigation and analysis is
described in detail elsewhere.9-12 Figure 3a shows the
photocurrent as a function of temperature. At low temper­
atures, where the sensitizing centers are not thermally
quenched, and therefore the devices are fully sensitized,
responsivity increases witli temperature following the mobil­
ity thermal activation of 0.14 eV similarly reported for such
materials.9’13 At elevated temperatures, photocurrent quench­
ing takes place as a result of thermal deactivation of the
sensitizing center. The slope of the quenching rate with
temperature (inset of Figure 3a) yields an activation energy
0.16 eV from the conduction band. This agrees well with
previous reports of the shallowest center in butylamine
treated PbS nanocrystal photodetectors.9 We ascertained the
same activation energy using an independent method,
investigating the dependence of the photocurrent transient
on temperature.12 This method provides a direct measurement
of the trap stale thermal emission rate. Using this method,
therefore, we verified the sensitizing center’s energy to be
0.12 eV below the conduction band, in reasonable agreement
with the responsivity quenching results (Figure 3b).

We conclude with the results of full characterization of
the thiol-treated device, focusing on its applicability to
imaging applications requiring tire combination of sensitivity
and acceptable temporal response. The spectral responsivity
is reported in Figure 3a.14 Responsivity was measured at
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intensity levels of ~300 nW,'cm2 using a 642 nm LED. The
device was biased to 10 V. We measured the noise current
in the device15 and plot in Figure 3a the detectivity, D*. 6
Sensitivity is retained without compromise: Z)*  greater than
1012 Jones is obtained across the visible spectrum. Figure
3b also illustrates the device responsivity and detectivity as
a function of modulation frequency. The absence of long-
lived trap states is evident from the flat response of
responsivity at frequencies below 5 Hz where the sensitizing
centers associated with the ~400 ms and ~2 s time constants
would determine the responsivity roll-off.5,fc

We have shown herein the line-tuning of macroscopically
observed device performance via carefi.il manipulation of the
chemical species present on semiconductor nanoparticle
surfaces. Specifically, we have transformed an unacceptably
slow photoconductive photodetector into one that is suf­
ficiently fast to respond to be suitable in imaging applications.
By simultaneously reducing internanoparticle spacing, we
achieved this improvement without compromising the highly
desired photoconductive gain. More broadly, the work
demonstrates the applied power of careful compositional
control on the nanometer lengthscale.
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variously treated PbS nanocrystal films. This material is
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ABSTRACT
The introduction of selective emitters underneath

the front contacts of solar cells can considerably
increase the cell efficiency. Thus, cost-effective
fabrication methods for this process step would help to
reduce the cost per WP of silicon solar cells. Laser
Chemical Processing (LCP) is based on the waterjet-
guided laser (LaserMicroJet®) developed and
commercialized by Synova S.A., but uses a chemical
jet. This technology is able to perform local diffusions at
high speed and accuracy without the need of masking
or any high-temperature step of the entire wafer.

We present experimental investigations on simple
device structures to choose optimal laser parameters
for selective emitter formation. These parameters are
used to fabricate high-efficiency oxide-passivated LFC
solar cells that exceed 20% efficiency.

INTRODUCTION
The efficiency of conventional screen-printed solar

cells can be significantly increased via the introduction
of a passivated rear side with local point contacts [1],
Another relevant improvement is expected by using
local strong diffusions underneath the front contacts, in
this case the illuminated emitter can be optimized for
blue sensitivity and optimum passivation without the
need of providing a low contact resistance. This concept
is already manufactured in a high volume production at
BP Solar [2] under license of the laser-grooved buried
contact solar ceil of UNSW [3]. However, a strong
simplification of the process chain is expected when the
local high doping is performed by LCP [4]. In this paper,
we present experimental investigations on the choice of
the optimum laser parameters to reduce laser damage
to a minimum and achieve efficient doping profiles as
well as the manufacture of high-efficiency solar cells
with LCP selective emitter.

BENEFITS AND CHALLENGES OF HIGH SHEET­
RESISTANCE EMITTERS

The use of illuminated emitters with higher sheet
resistance is known for the potential to increase the
open-circuit voltage as well as the internal quantum
efficiency in the short wavelength region. This was
shown recently by a comprehensive study [5]. Using
homogeneous emitters between 40 and 90 Q/sq with
hot-melt screen-printed and electroplated front contacts,
combined with oxide-passivated LFC rear sides, an
efficiency increase of 0.5 %abS has been observed.
However, the cells with 90 Q/sq emitters showed the
best values of Voc and j5C, but the series resistance

increased considerably from 0.60 to 1.19 Qcm2, A
further increase in sheet resistance would lead to even
higher contact resistance so that the fall efficiency
potential cannot be exploited.

Mette [6] calculated also the optimum contact width
of plated contacts depending on the contact resistance.
From this, the benefits of high local doping underneath
the contacts can be derived: When the contact
resistance is decreased (via heavy doping at the metal­
semiconductor interface e.g.), the optimum contact
width is decreased as weii. This also means a higher
density of smaller fingers that need to transport less
current to the busbar, thus requiring smaller heights
than can be manufactured faster in the electroplating
process.

FABRICATION METHODS FOR SELECTIVE
EMITTERS

Commercial LGBC cells make use of dry lasers to
open the front SINX layer. A subsequent damage etch
and second diffusion with PSG etch are needed before
the plated metallization can be applied. For lab-scale
cells, photolithography can be used to locally open the
AR layer without the need of damage etching.

SiNx

Figure 1: Principle of L.CP selective emitter fabrication. The
opening of the SiN« layer and local high doping is performed in
the first step. The deposition of a seed layer and subsequent
plating then follow to complete the metallization.

LCP provides a more elegant way to perform this
process step, cf. Fig. 1. The opening of the AR layer
and the groove doping is done in one step without the
need to remove any damage wet chemically after the
laser process. Hence metal seed layer deposition and
contact thickening via electroplating can follow right
after LCP. In this way, two wet etching steps (damage

978-l-4244-1641-7/08/$25.00 ©2008 IEEE

SIONYX1403000018.0065

SAMSUNG EX. 1002 - 1584/4148

mailto:kray@ise.fraunhofer.de


etch and PSG etch) and one high temperature step
(second diffusion) are saved.

EXPERIMENTAL RESULTS
Since the numerical simulation of the entire LCP

process in not yet available, a parameter study has
been performed on a simple device structure, The used
material was 8 Q cm FZ(B) from which planar solar cells
have been fabricated, featuring a 50 £l/sq industrial
emitter and PECVD SiNx AR coating. The rear side was
fully contacted via Al screen-printing. We performed
LCP with H3PO4 as carrier liquid and two different laser
systems: A frequency-doubled Nd:YVCU laser from
Edgewave® with -10 ns pulse duration and an infrared
Nd:YAG laser with ~1 ps pulse duration. After the LCP
process, a variation in the deposition of the seeding
layer has been performed by using electroless Ni
plating or TiPdAg evaporation. Both variants underwent
Ag light-induced plating (LIP) as contact thickening
step.
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Figure 2: Suns-Vo- measurements on simple planar cells with
screen-printed AI-BSF and LCP selective emitter and Ni or
TiPdAg seed layer. Green bars: LCP performed with 10 ns
green laser, red bars: LCP performed with 1000 ns infrared
laser.
X-axis: laser energy density.

In Fig. 2, the results of Suns-Voc measurements
are shown. From the measured Voc values we derive
that the green laser performs much better than the
infrared laser. Also, lower energy densities seem to be
beneficial for high Voc. No large difference between the
two seeding technologies in terms of Voc can be
observed. However, the pseudo FF reflects a strong
degradation due to the Ni plating, especially for the
infrared laser cells. The increased recombination of
these samples occurs mostly at the low-voltage part of

the IV curve so that it degrades the fill factor but implies
only a minor effect on Voc-

We measured FF, Rs and the contact resistance pc
on the finished cells. Maximum FF above 76% could be
demonstrated using the green laser and low energy
densities. The R5 values of the cells made with the
green laser range between 0.4 and 0.7 SI cm2 showing
a sufficiently iow level. Contact resistances below
1 mfi cnT could be measured via TLM which were
further reduced to 0.1 -- 0.6 mflan2 via multiple LCP
passes.

From these preliminary experiments we derived
suitable laser parameters for fabricating high-efficiency
solar ceiis with oxide passivation and LFC local point
contacts. For these cells, we performed the LCP step
right after a 120 fi/sq emitter diffusion before the oxide
passivation. So the oxide was structured by
photolithography and the TiPdAg contact seed layer
was evaporated before Ag LIP was used to thicken the
front contacts.

The best cell parameters measured on 250 pm
thick 0.5 and 1 Q cm FZ(B) are shown in Tab. 1. Open­
circuit voltages up. to 665 mV, short-circuit currents
close to 39 mA/cm2 and fill factors up to 79% lead to
efficiency in excess of 20%. To our knowledge this is
the highest efficiency reported for laser-doped silicon
solar cells.

Table 1: Best cell results for high-efficiency solar cells with
oxide passivation, LFC rear side and LCP selective emitter.
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Figure 3: IQE of oxide passivated LFC solar ceiis with different
emitter diffusion and contact methods (HM SP: hot-melt
screen-print). All cells contacts are thickened by Ag LIP.

Comparing the IQE of these high-efficiency cells
with the cells with hot-melt screen-printed front contacts
on 40-90 Q/sq emitters of Ref [5], the improvement in
the short wavelength region is obvious, cf. Fig. 3. In this
curve, also one of the technological problems of the ceil
batch is visible: The passivation of the rear surface is
not optimal so that a dip in the IQE around 1000 nm is
observed. Combined with the non-optimum random
pyramids texture, a loss in efficiency of about 1 %abS is
generated.
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To determine the contact resistance of the LCP and
reference cells, we performed TLM measurements.
From these we found that the contact resistance on the
120 ,Q/sq emitter could be reduced by a factor of 4 via
the LCP selective emitter (from 4.0 mficm2 to 0.9
mQcm2). In Fig. 4, these data are put in the graph of
the calculated total loss of a solar cell with 120 £2/sq
emitter from Mette [6], It can be derived that the
optimum contact width is decreased from 22 pm
(evaporated TiPdAg on emitter) to 12 pm (evaporated
TiPdAg on selective LCP emitter) and the total loss is
decreased by about 1%rei.
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Figure 4: Calculated total loss of solar cells with plated
contacts and 120 ii/sq emitter and varying contact width and
contact resistance (from [6]). The use of LCP selective
emitters allow for smaller contact widths and lower total losses.

This calculation raises the question whether such
fine lines can be manufactured. While 30 pm nozzles
are readily available, allowing for ~27 pm street width in
chip dicing with LaserMicroJet®, we performed LCP
tests with a larger nozzle. In Fig. 5, a microscope
picture of a damage-etched Cz silicon surface coated
with PECVD SiNx is shown. We used a 150 pm nozzle
(resulting in ~125 pm jet diameter) to scribe the surface
with LCP and H3PO4 as carrier liquid. With the right
choice of laser parameters, the inhomogeneous energy
deposition on the surface orthogonal to the scan
direction can be exploited to further concentrate the
microstructuring. In this way we were able to generate
an opening of -25 pm with this 150 pm nozzle.
Therefore we expect that the reduction in contact width
will progress so that the efficiency potential of solar
cells the LCP selective emitters can be realized at full
extent.

Figure 5 Light microscope picture of SINX opening of -25 pm
width machined via LCP (H3PO4) with 150 pm diameter nozzle.

SUMMARY
In this work, we presented Laser Chemical

Processing (LCP) as an elegant method to manufacture
selective emitters for high-efficiency solar cells. From
preliminary experiments, short pulse green lasers have
been chosen as laser sources for fabricating high-
efficiency oxide-passivated solar cells. These cells
exhibit efficiencies above 20% and allow for even higher
performance when smaller contact widths are used.
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1. Introduction
For more than 100 years, conventional X-ray radiography has been applied in
medicine and nondestructive testing (NDT) for the investigation of the spatial
distribution of matter in objects and organisms; X-ray techniques work
nondestructively.
Depending on material density, geometry, and applied energy, X-rays are able to
penetrate solid materials from the nanometer-range down to a depth of several
centimeters. Because of this relatively high penetration depth, buried or hidden
structures, boundary layers, and defects can be imaged and evaluated. Images
taken by digital X-ray sensors are immediately available in electronic form and can be
digitally transmitted, stored, and evaluated at remote locations. X-ray sensors are
therefore a precondition for an intelligent image evaluation such as the application of
digital, real-time detectors for X-ray tomography.
Currently, micro-tomography and high-resolution radioscopy typically allow for a local
resolution of 100 - 10 pm. Hereby, the pixel size of commercial array detectors is
limited to 400 - 100 pm, and the focal spot of micro-focus tubes is about 5 microns,
depending on their type. The high local resolution of these systems can only be
achieved through the geometrical object enlargement by placing the object close to
the X-ray focal spot in the beam cone. Low-noise local resolution down to sub­
micrometer range needs further development of:

• Improved X-ray sources, such as high-performance targets or synchrotron
radiation sources.

• Realization of new detector concepts and their optimization for NDT systems.

Since recently, it was possible to limit the active focal spot to less than 1 pm for high-
resolution imaging. However, the small spot size, the usually large distance between
object and detector, and typical exposure times between 100 ms and 1 s, limit the
radiation output for low-noise images.
Whereas sensor arrays for the visible spectrum have already reached a high
development stage, imaging sensors for X-rays and infrared spectral range are just at
the beginning of their development. X-ray array sensors will replace conventional X-
ray film technique in medical, dental, NDT applications and at security and customs
screening stations. Innovative digital detector technologies are fundamental for tele­
medical applications and telematics for industrial process monitoring and security
applications. They integrate features to forward individual sensor signals or pre-
processed images to specialists via the internet for further processing and evaluation.
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2. Imaging X-ray Detectors - A Short Review

X-ray detectors are offered and applied on the basis of a variety of different physical
principles and technical implementations. Figure 1 shows an overview.

X-Ray Imaging Systems

_________.__________ .. 1

Storage Systems

1

Real-time Systems
1

1 1 ,d. ,1

Film Storage Phosphor Indirect converting Direct converting
detectors

,____________ 1
detectors

1 1

Image intensifier Scintillator +

1 1

Amorphous Polycrystalline Single crystal
semiconductor semiconductors semiconductors semiconductors

Gd2O2S:Tb a-Se Hgl2 si
Csl:TI a-Si:H pbl2 GaAs
Nal:TI InP

CdZnTe
CdTe

Figure 1: Overview of X-ray imaging systems

There are memory systems and real-time systems. The classical storage medium is
the X-ray film, which still offers the highest local resolution. Frequently, due to higher
computer compatibility, radiographic films are subsequently digitized [1], However,
the chemical development process, non-reusability, and noise contribution by the
granulation of the film adversely affects the range of applications.
Storage phosphor screens (“image plates”) reduce the exposure time by about 50%
to 90% compared to X-ray film systems. In the crystals of these storage media,
electrons are trapped on deep levels after interaction with imaging X-rays. Thus,
image information is stored in form of a latent picture. The trapped electrons can be
stimulated by irradiation with visible laser light. The laser light results in a photo­
stimulated fluorescence light, which is used for final image generation. An example
of a storage phosphorus is BaFBr:Eu3+. The irradiation by He-Ne laser (X = 633 nm)
produces fluorescence light with X = 390 nm. The information stored on the image
plate can be erased by illumination with white light.
Real-time detectors are needed for in-situ investigations and X-ray tomography.
These detectors generate the information from the image directly in computer-
readable form. Basically, there are two groups of real-time detectors: 1) indirect
converting sensors, converting X-rays into visible light; and 2) direct converting
sensors with direct release of electrical charges caused by the absorbed X-ray
quanta.
Well-known indirect converting systems are image intensifiers. The systems are
composed of a vacuum tube with a photo-cathode on one side and a luminescent 
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screen on the opposite side. Amid both screens, the electron beam system scans
the photo-cathode and generates the image on the luminescent screen. The visible
luminescence light is registered [2],
Today scintillating detectors are more important. Scintillating screens convert the
incoming X-rays into visible light. The classical set-up for scintillating systems
consists of Nal:TI with a photo-multiplier. In modem systems, scintillating screen and
read-out electronics are assembled into a compact unit. Actual development trends
are described in [3]. Nowadays, efforts are made on exploring more effective
scintillating materials (see chapter 5). In principle, the dual radiation conversion is
unfavorable reducing the sensor efficiency.
Direct converting X-ray sensors represent the newest, most promising development
line. The sensor principle is based on direct interaction of X-rays with the
semiconductor material and generating Electron-hole pairs. In the applied electrical
field, the electrical charges move to the edges of the semiconductor where they are
read by microelectronic circuits. Amorphous, polycrystalline and single-crystal
semiconductors are used today (chapter 5).
At present, the development of direct and indirect converting semiconductor
detectors is rapid and most promising.

3. Requirements for digital X-ray detectors

Due to the variety of applications for digital X-ray detectors, different specifications
have to be considered. X-ray sensor cannot be optimized for all application areas
simultaneously. First of all, the sensor must be sensitive in the applied energy range
for the specific measurement problem. Commonly used X-ray energies may range
from keV to meV. Highly efficient sensors can only be achieved under the following
conditions:

1. The detector layer must absorb the imaging radiation almost completely.
2. Each X-ray quantum must produce as many charge carriers as possible in

the detector.
3. The loss of charge carriers (in semiconductor pairs of electrons and holes)

by re-combinations, etc., must be minimized.

Therefore, material research for X-ray sensors has become essential to meet these
requirements and to optimize material properties and thicknesses of the sensitive
detector layer as a function of the X-ray spectrum (see chapter 5).
Furthermore, the signal-to-noise ratio (SNR) of the image produced by the detector
must be considered as a crucial criterion. The Detective Quantity Efficiency (DQE)
can be used for SNR optimization [4]. It is defined as:

DQE(v) =
(S/N)20Ul(v)

S: signal amplitude; N: noise power spectrum; v: spatial frequency;

Certainly, detector efficiency is a prerequisite for a good SNR. A photon of energy EY
produces a charge Qo in the detector:

Ey
Q.=q-^~

EeUi

Ee/h represents the material dependent energy for the production of an individual
electron-hole pair (Table 1), and q is the elementary charge.

3
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The Charge Collection Efficiency (CCE) indicates Q, which is the actually provable
charge at the electrodes in relation to Qo:

CC£ = -^--100% .

At low energies, modern semiconductor detectors possess a CCE of > 99%. The
CCE decreases with rising photon energy (see chapter 5).
In respect to the detector area, large detectors are distinguished with active surfaces
areas of up to (60 x 60) cm2, which are partly suitable for the direct refurbishment of
radiographic film devices by digital radiography, and small high-resolution detectors
with active surface areas of several square centimeters. FlashScan 30 of dPix LLC
(USA) with a surface of 30 x 40 cm2 exemplify a large-sized detector [5], The
attainable resolution is determined by the pixel size. For large area detectors, it
ranges between 120 to 400 pm. Today, high-resolution X-ray detectors with pixel
sizes of approximately 20pm are already available [6].
The optical characteristics of image detectors are closely related to the pixel size.
Contrast Transfer Function (CTF), Modulation Transfer Function (MTF), and Line
Spread Function (LSF) are used for the characterization in consideration of the
detector and the optical transfer system.

Figure 2: Contrast transfer function (CTF) and modulation transfer function (MTF) for an
imager with pixel size of 127 pm [7]

The contrast (C) of an image is defined through the maximum range of radiation
intensity normalized to the maximum intensity lmax:

 ^max ~^min

The Contrast Transfer Function (CTF) indicates the relation of the contrast for a
spatial frequency (v) to the contrast for v=0, with a bar pattern as the input for the
optical system. The CTF decreases with an increasing spatial frequency, and
specifies the maximum resolution of line-pairs/mm (Ip/mm). The Contrast Transfer
Function for sinusoidal intensity samples is given by the Modulation Transfer
Function MTF. This function indicates the relation of the output modulation intensity
versus the input intensity modulation. Thus, the transfer system is characterized by
the Line-Spread Function (LSF), and represents the pulse response function of an
optical system and indicates the widening of an infinitely small line by the system. 
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Details for the determination of the mentioned functions are given in [8]. Figure 2
shows CTF and MTF for a detector with a 127 pm pixel size.
The maximum read-out rate depends on the number of pixels, the applied technique,
and the organization of the read-out circuit (serial/parallel). Particularly for X-ray
tomography and real-time radiography, very high read-out rates are necessary. At
present, read-out times of 250 ps for a 64 kpixel matrix have already been
accomplished [9].

4. Indirect and Direct Converting Semiconductor Detectors

The structure of an indirect converting X-ray sensor with scintillating screen is shown
in Figure 3. For the assembly of the photodiode matrix, different versions are
available (see chapter 6). For a good overall efficiency, the emission characteristic of
the scintillator must be adjusted to the spectral response-curve of the photodiodes.
Figure 4 shows examples for the emission characteristics of scintillating screens. In
contrast to X-ray films, the detector response to exposure is linear - a great
advantage, but has a limited image definition due to the isotropic emission of
fluorescence light.

Structure of an indirect converting X-Ray sensor

Incident X-ay

UlUUUU

CMOS read out chip

Figure 3: Schematic assembly of an indirect converting X-ray detector

Figure 4: Spectra of radio-luminescence of crystals: a) LiF: U; Fe (0,1 mol. %) and
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Figure 4: Spectra of radio-luminescence of crystals:
b) LiF: U; Fe (0,01 mol. %), registered in current (continuous line) and pulse (dotted line)

modes

Figure 5 shows the typical assembly of a direct converting semiconductor X-ray
detector. For technical details of the structure see Chapter 6. The incoming X-ray
photons interact with the detector material predominantly through three effects: 1)
photo effect, 2) Rayleigh (or elastic) scattering, and 3) Compton (or inelastic)
scattering. At energies of up to 100 keV, the photo effect is dominating [8], One
photo-electron generates about 10000 electron-hole pairs.

incident X-ay

iiumiiu
V,

top layer

ict

CMOS read out chip
metallization layer

Schottky contact

' solder bump 

Figure 5: Schematic assembly of a direct converting X-ray detector with bump bond
connections to the read-out circuit

Both, electrons and holes are charge carriers. Electrons and holes are separated by
the applied electric field, and they move in opposite directions from the electrodes.
The strength of the electrical field is approximately 106 V/m. This high field strength 
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is required to sensitize the entire detector volume to the applied radiation. The input
circuitry of the read-out electronics (charge sensitive amplifier) is connected to the
bottom electrode.
The presented design corresponds to a matrix of Schottky diodes. Other designs are
used likewise, among them are P-l-N detectors (a sequence of semiconductors of p-
i- and n-type) [10], and M-l-S detectors (metal, i-type semiconductor, p- or n-type
semiconductors) [11], Compared with Schottky diode detectors these devices are
characterized by a more homogeneous electrical field and (mostly) a higher
breakdown voltage.
The thickness of the detector layer is a parameter for optimization; the thicker the
layer, the better the absorption (see Figure 6). However, due to trapping effects, the
probability of charge losses is higher with the increase of the layer thickness.

1 r

OJ

X

Ml

W
X-ray erwgy/keV

Off® ...........
tap
Safe

10

Figure 6: Absorption efficiency of various detector materials vs. energy for a detector layer
thickness of t = 200 pm 

5. Materials

The appropriate selection and the quality of the sensor materials determine the
quality of radiation sensors substantially. For this reason, much attention is
dedicated to the development of sensor materials.

5.1 Scintillator systems

In general, the requirements for scintillation materials are:

• High X-ray absorption
• High light output with good spectral matching to the PIN photodiode (400-800

nm)
• Fast decay (t < 0.1 ms) for the main components of light emission

Some single crystal scintillators meeting these specifications are presented in Table
2, and are compared to standard Nal-TI detectors. New compounds are currently 
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investigated intensively. Here, we present results of the Urals State Technical
University.
At the Urals State Technical University, a La2O2S-Ce scintillator was proposed [12]
analogous to the Gd2O2S-RE scintillator, developed by Siemens AG [13]
simultaneously. Some compounds have been investigated in collaboration with the
Institute of Physics NAS of KR and Issyk-Kul State University [14-16,23-25]. More
than 160 inventions have resulted in:

• Inorganic scintillators based on LiF-UO2(NOs)2 [14]
• Inorganic scintillators based on LiF-UO2(NO3)2-CuF2 [15]
• Storage luminophor based on LiF-U,Ti [16]
• Scintillation wave-guide detectors based on AgCl-AgBr [ 23 ]

Scintillation wave-guides, based on mixed silver halides [22, 23], are considered for
future generation of two-dimensional detector systems (see Table 3).
Some effective red and IR-scintillation materials with good spectral matching to the
photodiode were subject of investigations: InP (1=855 nm), GaAs (1=790-890 nm),
MgAI2O4 (1=675-725 nm), Bi2Ga4O9 (1=610-710 nm), Hgl2 (1=530-650 nm).
The Hgl2 compound is known to be both, a semiconductor and luminescence
detector [17-20], Under X-ray excitation (300 KeV) the luminescence spectrum of
Hgh shows 3 bands: 534, 584 and 630nm [17], The 584nm band (decay time <100
ps) is related to an edge luminescence of non-relaxed excitons. Its structure is
determined by exciton-phonon interaction. The 534nm band results from super edge
luminescence (it was found earlier for laser excitation [26]). The 630nm band (decay
time 1.1 ps (30%) and >10 ps (70%)) is caused by defects (impurities).
The cooling of Hgl2 specimens leads to an increase of the signal output of (536 nm)
edge- and (608 and 630 nm) impurity luminescence. The luminescence spectrum of
the super fast component scintillation (<100 ps) is probably due to capture of
excitons on lattice defects.
The discovery of this super short (fast) component (<100 ps) scintillation of red Hgl2
helps to increase the loading ability of electronic tracts and thus for faster registration
of X-ray signals.
The calculated light collection coefficients (Kl,c) for Hgl2 crystals with mirror and
rough surfaces for different thicknesses are:

Thickness, mm KL,C (mirror surface) KL,C (rough surface)
2 0.096 0.331
4 0.091 0.237
6 - 0.140

Hgh crystals with a thickness of 2 to 4 mm will register 100 keV X-rays with an
efficiency of 0.974 and y-radiation at 1 to 5 MeV with an efficiency of 0.12-0.39 [17].

5.2 Direct converting systems

Highly integrated read-out electronics of modern sensors are manufactured in silicon
CMOS technology. When silicon is used as detector layer, the entire element can be
manufactured on a single substrate [27], Unfortunately, the use of silicon is limited to
low X-ray energies E < 20 keV because of its low absorption. For higher energies a 

8 
SIONYX1403000018.0075

SAMSUNG EX. 1002 - 1594/4148



variety of other materials is under investigation. Table 1 shows materials presently
being evaluated for usability.
Amorphous Semiconductors can be relatively simply manufactured for a large
application range. Therefore, they are important for flat panel detectors. In the
meantime, Hologic Inc., in the USA [28], is producing large area detectors that are
based on amorphous selenium. Unfavorable features are the high energy of 50eV
needed for the production of one electron-hole pair and the high probability of re­
crystallization when exceeding an upper temperature limit.
Today, Single Crystal Semiconductors are available for both, wafer and epitactic
grown material. A typical representative is germanium, which possesses an excellent
energy resolution; however, it must be used at low temperatures because of its small
band width of 0.72 eV.
Silicon is used as single-crystal and polycrystalline detector material.
Presently, GaAs is frequently used as detector material [29], For this material, well
developed technologies are applicable. For detectors, carbon or chromium composite
semi-insulating GaAs is used. GaAs is a composite material with high charge carrier
mobility. Charge-trapping by the EL2 defect and the short charge carrier lifetime
presents difficulties. The absorption of X-ray quanta is much better than in silicon
(see Figures 6 and 7).

1TO

100

a to

1

sOJ
too

W
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Orts

10
Xw anarffl I teV

Figure 7: Energy dependent linear attenuation coefficient p of various detector materials

In the future, Indium Phosphate could gain some importance as a detector material
[30]. At present, InP detectors must still be operated at low temperatures. Similar as
in GaAs, the electrons in InP are very mobile.
CdTe and CdZnTe possess good characteristics for spectroscopic and imaging
applications. These materials require a very careful handling, since they are
relatively brittle.
Besides Polycrystalline Silicon, some Polycrystalline materials from heavy elements
become generally accepted. Here, Pbl2 and Hgl2 are to be mentioned. With
medium nuclear charge numbers of higher than 62, they possess an extraordinary
good absorptive capacity (see Figures 6 and 7). Different coating technologies were
developed to allow an economic production of large area detectors [31].

9
SIONYX1403000018.0076

SAMSUNG EX. 1002 - 1595/4148



6. Detector Electronics

Radiation effects produce electrical charges in all semiconductor X-ray detectors.
For detection, the associated increase of conductivity of a semi-insolating
semiconductor is used, or the produced charges are registered. The read-out
electronics can be designed for the integrating mode or the counting mode.
In the first case the electrical charges are accumulated during the exposure time in a
simple condenser or in an integration amplifier; the electronic circuit is designed
accordingly. After exposure, an analog digital converter (ADC) digitizes the signals.
Since separate ADC’s for each pixel are not reasonable, a multiplexer successively
switches the individual pixels to the ADC. A substantial disadvantage of this
procedure consists of integrating dark currents of the detector elements. Therefore,
a special dark current compensation is necessary.
The counting version of read-out electronics is characterized by single photon
registration. Here, it is necessary to implement an own counter for each pixel, which
can be realized in a highly integrated CMOS technique only. Using a comparator, a
threshold level for the signal amplitude is adjusted in such a way that it is placed
significantly above the noise level of the detector. Each photon produces a signal
peak value above the threshold value. This way, a particularly favorable signal to
noise ratio can be obtained. Since different photon energies generate differently high
signal amplitudes, an energy-selective detection can be performed. Herewith, a new
quality of radiation detection is achieved, which principally enables spectroscopic
imaging. The technical efforts for counting mode detectors are extremely high.
Nevertheless, circuits base on this principle have been developed with up to 64k
pixels and down to 55 pm pixel size [9].
The counting method is not applicable for materials with low mobility charge carriers
and very large detector thickness, since the electrical pulses are stretched and single
pulses mutually overlap themselves due to the charge carriers drifting time.

7. Design

In the meantime, some imaging X-ray detectors designs have become generally
accepted. Large and Small Area detectors and High-Resolution detectors are always
different in design.
Large Area Detectors are mostly designed as so-called flat panel detectors. Their
mechanical basis consists of a glass substrate. Above this, read-out electronics are
installed in thick film or thin film technique (Thin Film Transistor, TFT). The
electronics consists of relatively simply structured matrix of electronic switches. The
produced electrical charges are collected in an integrated capacitor during the
exposure, and are afterwards transported to charge-sensitive amplifiers and
analog/digital converters at the edge of the matrix.
For a direct converting sensor, a detector layer, based on an amorphous or
polycrystalline semiconductor, is placed on this matrix. Typical examples of this
design are the already mentioned FlashScan 30 of dPix LLC, USA (amorphous
silicon) and the DirectRay detector of Hologic Inc., USA (amorphous selenium, 35 cm
x 43 cm). Direct converting flat panel detectors based on Hgh polycrystalline from
Real-Time Radiography Ltd, Israel represent a new development, and are superior to
conventional detectors in the upper energy range.
For indirect converting sensors, a matrix of photodiodes is additionally placed on the
glass substrate (Thin Film Diode, TFD). On the top side is the scintillation layer, e.g.
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Csl:TI or Na:TI. PIXIUM 4600 by Trixell Company, France (43 cm x 43 cm, 9 millions
pixel, 143 pm pixel size) exemplifies such a type of a modern device.
Flat panel detectors with read-out electronics in CMOS technology are also available.
For example, Hamamatsu Corp., USA, offers the type C 7942, which is based on a
Csl scintillator with an active surface of 12 cm by 12 cm and 50 pm pixel size.
Read-out chips in silicon CMOS technology establish the base for high-resolution
sensors. In comparison with TFT-matrices, CMOS read-out chips feature a variety of
advantages. CMOS (Complementary Metal-Oxide-Semiconductor) represent a
technology, in which circuits are based on transistors of two conductivity types (n-
channel and p-channel). CMOS circuits consume very little energy. Because of the
low power dissipation, the integration density is very high. In 0.25 pm CMOS
technology, a 1 mm2 chip area can hold more than 100,000 transistors. This helps to
design very complex circuits directly on the sensor chip. The sensor integrates a pre­
amplifier for each individual pixel, dark current compensation, a threshold switch, and
a counter (for photon counting sensors). Thus, signal pre-processing can be
performed inside the sensor and photon counting sensors are possible.
In a monolithic sensor, the substrate of the chip is used as a radiation-sensitive layer.
The charges of the pixels can be transported, e.g., using an analog shift-register to
the charge-sensitive amplifiers, which results in a Charge Coupled Device (CCD). So
far, these types of devices could only be manufactured on silicon wafers, which
possess the well-known disadvantages concerning absorption. Up to now, only one
implementation in GaAs technology is known [32], Other detector materials require a
hybrid solution with silicon CMOS read-out on detectors of another material. A
possible technology is known as TFA (Thin Film on ASIC) (see [33] and Figure 8).
This technology is suitable for sensors for which the radiation-sensitive layer is
amorphous or polycrystalline. ASIC is the abbreviation for “Application Specific
Integrated Circuit”.

Front electrode

a~Si:H thin film system >

Rear electrode ,

Insulation layer

ASIC

Figure 8: Layer sequence of TFA technology (University of Siegen)

For the mechanical and electrical connection of single crystalline detector layers with
CMOS electronics, the bump-bonding technology is favored (see Figure 5). Both
components are connected by a multitude of tiny soldering balls. For each pixel a
separate contact is necessary. Both, the upper side of the CMOS chip and the lower
surface of the detector layer are divided into pixels with an optimized metallization.
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The limited chip size of CMOS read-out chips of about some square centimeters are
a disadvantage of this technology. Expansion to larger surfaces requires the use of
several joined chips.
For NDT applications, CMOS sensors are sometimes too small. Therefore, arrange­
ments of several single sensors on a ceramic substrate are under development. For

Figure 9: Fast radiography visualizes in-situ the collapse of a liquid metal foam which has
been foamed in a furnace at a temperature of 775 °C. The difference images between two
successive frames show the rearrangement of the liquid metal: white indicates vanishing,
black appearing metal. Pixel size is 30 pm.

example, an array of 8 single sensors was presented by Medipix collaboration
(CERN). Large flat panel detectors can favorably replace X-ray films, but they are still
very expensive. If the exposure time is not crucial, line sensors can be used instead.
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Today, computers are a standard component of image recording systems. The data
transfer between detector and computer is managed using special I/O cards. In the
future, sensors and computer can be connected through fast standard interfaces
(e.g. “FireWire” IEEE 1394).

8. Prospects - Usage of X-ray Sensors in NDT Systems

Real-time digital image processing based on digital sensor arrays opens completely
new application areas for X-ray inspections. Exciting developments are underway,
and new dimensions of X-ray imaging are already apparent [34-37],
New X-ray systems provide information on material structures and processes, for
which it was just a dream only 10 years ago. As example, solid metal foams can be
employed for light-weight construction with good energy dissipation requirements and
are thus interesting for ground transportation vehicles and aerospace applications.
Fast radiography is a very helpful technique for visualizing the decay of
metal foams in the liquid state which allows to draw conclusions
on the physics of foaming [34] and foaming technology [37], Fig. 9 shows an example
for an in-situ investigation of the foaming process of an Al alloy foam. A careful
analysis of future NDT systems is imperative to keep the competitiveness in broad
areas of industrial NDT and consumer applications.
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Sources for Table 1:
1) Jurgen Giersch, Physikalisches Institut, Universitat Erlangen- Nurnberg,

Kolloqiumsbeitrag, 05/04/2001
2) M. Schieber et al., Nondestructive Imaging with Mercuric Iodide Thick Film X-ray

Detectors, Advanced NDE Symposium, Newport Beach 3/4/2001
3) http://www.simaqe.fi/technology/
4) Fax „Siemens Festkdrper-Matrixdetektoren“ May 1997
5) http://www.directradioqraphy.com/press/releases/1999/agfa-pr-us.htm

P.-K. Soltani, D. Soltani, D. Wyshewski et al., Amorphos Selenium Direct
Radiography for industrial Imaging, DGZFP-Proceedings BB 67-CD, Berlin, March
15-17, 1999

6) G. Zentai et al., Large area mercuric iodide thick film X-ray detectors for
fluoroscopic (on-line) imaging, SPIE-MI 4682-62

7) J.-P. Moy, Recent developments in X-ray imaging detectors, Nucl. Instr, and
Meth. A 442 (2000) 26-73

8) D. S. McGregor, H. Hermon, Room-temperature compound semiconductor
radiation detectors, Nucl. Instr, and Meth. A 395 (1997) 101-124.

B: light output; R: resolution; t: decay time; X: wavelength

Table 2: Properties of Scintillators

N Scintillator B, % R, % u, ns X, nm
1. Nal-TI 100 7 230 415
2. LiF-Cu,Ti,U 2-6 - 10 460, 520
3. NaF-Cu,Ti,U 2-5 - 10-14 474, 500, 520
4. SrFz-Tb 10 40 100, 4200 380, 546
5. Y2SiO5-Ce,Tb 160 10-12 60 420, 546
6. Gd2SiO5-Dy 14 15 15 480, 580
7. La2O2S-Ce 10 - 10, 1200 450-500
8. Lu2SiO5-Ce 70 10-12 20 420
9. Na2ZrSiOs-Eu,Tb 15-20 25 50-70, 420 320, 546
10. Gd3Sc2AlsOi2-Ce 8 70 40, 1500 570
11. Bi4Ge30i2 10 17 60, 300 495
12. Pb(Mo,W)O4 7 70 5-10 475

Source: B. Shulgin, Fast inorganic scintillators, Proceedings of LUMDETR'91, Riga,
Latvia, 1991, p.A3
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Table 3: Properties of scintillation materials
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1. Nal-TI 3,67 415 230 1,85 100 yes -30...+150 no

2. Csl-Tl 4,71 550 450/-1
ps

1,79 30-
45 yes -30...+150 1-2 mm

3. CaF2-Eu 3,18 435 940 1,47 50 no -30...+150 no

4. Bi4Ge3O12 7,13 480 300 2,15 15-
20

rela­
tive -30...+150 no

5. Y2SiO5-Ce 4,45 420 20 1,8 45 no -30...+150 no

6. Lu2SiO5-Ce 7,4 420 20-40 1,82 375 no -30...+150 no

7. 6Li-glass 2,6 390-
430 60 1,56 4-6 no no

8. ZnSe-Mn 5,42 585 1-10 2,6 4-6 no -60...+200 no

9. ZnSe-
Mn,Cu,AI 5,42 630 1 ps 2,6 6-8 no -60...+200 no

10. CdWO4 7,90 470-
540

20/30
ps 1,94 17-

92 no -10...+100 no

11. Plastic 1,03 375-
600 2-8 1,58 30 no 0...+30 yes

12. Csl-Na 4,51 420 630 1,84 85 yes -30...+150 1-2 mm

13. BaF2 4,88 310 630 1,5 16 relati­
ve -5...+200 no

14. Gd2SiO5-Ce 6,71 440 30-60 1,85 20-
25 no -5...+200 no

15. Lil-Eu 4,08 470 1400 1,96 35 yes -5...+200 no

16. ZnSe-Te 5,42 610-
640 3/-50 2,6 20,8

4 no -60...+200 no

17.
Fiber

scintillation
light guide

6,4 400-
510

2,1-
2,2 80 no -60...+200

50 m
and

more
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A High Speed 4 Megapixel Digital CMOS Sensor

Alex Krymski

Alexima, 1028 N Lake Suite 204, Pasadena, CA 91104, USA
krymski@alexima.com

Abstract

We developed, fabricated and characterized a shuttered 4 Mpixel digital CMOS sensor running at the rate
over 400 Frames/s. This paper discusses the pixel, the column ADC and the data readout architecture.
The sensor delivers over 1.8 GPix/s of data at the maximum clock rate of 120 MHz. We also discuss the
techniques implemented in the chip to reduce electronic noises.

The closest published sensor is a 4 Mpixel sensor developed by Photobit Technology [1], and which has
become a popular product to machine vision and motion capture industries. The chip reported here
achieves better functionality (shutter replacing rolling shutter, 2X frame rate, less column f.p.n., less
electronic noise) with different circuits.

A simplified schematic of one column including the pixel, the column amplifier, and the ADC is drawn in
Fig.L

The conventional 5T shutter pixel based on a regular (non-pinned) photodiode can not have good dark
uniformity because the switches resetting the photodiode and the pixel memory have statistically different
feedthrough. The responsivity of the pixel is reduced to approximately a half of the photodiode
responsivity because of the charge sharing between the photodiode and the pixel memory.

These disadvantages were addressed when designing a T-shape 5T shutter pixel which has a common
reset switch for the photodiode and the memory, the solution that removes some of the fixed pattern
noise. Responsivity was also improved almost twice because the pixel topology allows charge transfer
rather than charge sharing. Implemented pixel was based on a traditional photodiode, so we observed
some small-signal nonlinearity even when using flushing of the pixel. The non-linearity comes from the
tail of the subthreshold current during the charge transfer through the transfer gate. An incomplete
transfer should also give rise to the photodiode kTC noise. Implementing the photodiode as a pinned
photodiode would improve the pixel linearity and should also remove this component of kTC noise.

The column ADC implemented in the chip is of the successive-approximation type [2], same as of the
prototype sensor [1], however it is built of different components. Instead of an offset-reduction calibration
DAC in each column, the new ADC extensively uses auto-zeroing. To achieve both good f.p.n.
suppression and short decision time (e.g. 10 ns), the autozeroing comparator is made of a 3-stage offset­
canceling pre-amplifier (similar to the one from reference [3]) and the reconfigurable dynamic latch
which also uses an auto-zeroing for its offset reduction while in reset state. As a result, column f.p.n. was
removed to the level non-detectable in the measurements. Instead, we started observing column f.p.n.
from the source we did not expect before. The f.p.n. came from the ADC offset circuit generating the
offset in each column with small area capacitor. The more bias is applied to the capacitor the more the
offset is, and the more is the nonuniformity of the offset.

During the ADC operation, the data is stored in column ADC registers. To increase the readout data rate
from the registers, we split the readout into 4-quadrants (Fig.2.). Register bit lines and the data lines were 
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thereby shortened by the factor of 2 and this was one of the techniques to increase the throughput from
the chip twice compared to the prototype chip. To avoid clock skew issues driving the controls to the
ADCs and the registers from both left and right, the clock is applied separately to the bottom and the top
of the chip to I/O pads which are in the center of the top I/O pad frame and the bottom one, respectively.

We implemented several techniques in the sensor to carry out the experiments on electronic noise
reduction.

A pseudo differential pixel readout was the first technique. Our column amplifier was built as a fully
differential one while the pixel remained essentially single-ended. To verify pseudo-fully-differential
pixel readout, an auxiliary circuit generated a copy of the ground noise with no signal. This copy was fed
into the reference input of the column amplifier with the timing identical to the pixel readout. Two
different noise reference generation solutions were tried with approximately same result.

The second technique was in reducing transient currents in digital circuits of the column ADCs. Instead of
typically used SRAM cells we used DRAM cells to store the data and to control the status of the ADC
conversion capacitors.

The third technique to reduce electronic noises was the supplying of the substrate of the ADC digital
circuits with analog ground.

The combination of the three techniques gave a good overall result. The electronic noise which typically
shows as a row-wise noise, did not come up, whereas it was a big issue in the sensors we developed using
the previous sensor technology [1]. It remains unclear which technique contributed into the noise
reduction the most.

There also was one negative outcome from the ground noise experiment- a worsening of the yield of the
column ADCs, somewhat we never experienced before with the previous ADC topology. The yield loss
was proven to be attributed to the leakage from some column DRAM cells, facilitated with the digital
ground bounces. In average, one ADC in a thousand was failing. When running corner lots, the yield has
been higher for slow-slow transistor models. With little redesign of DRAM cells this yield issue can be
completely solved with no impact on the achieved substrate noise rejection.

The results of the sensor characterization are summarized in Table 1, and Fig.4 presents a minimally
color-corrected JPEG-compressed image from the sensor.
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Fig.2. Readout architecture of the 4 Mpixel sensor
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Fig.3. A sample picture taken with the 4 Mpixel sensor, with minimum color correction

Table 1
Process 0.25um 1P4M
Array size 4.1Mpix, 2368x1728
Pixel 7um 5T shutter, T-type
Output 16 ports x 10 bit
Max clock rate 120 MHz
Max frame rate 440 Fps @ full resolution
Power <1.5W
Full well/ noise 25,000e-/30e-
Responsivity 4V/Lux*s  @550nm
DSNU 150e- rms
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GETTERING IN HIGH RESISTIVE FLOAT ZONE SILICON WAFERS

FOR SILICON DETECTOR APPLICATIONS*

Z. Li and H. W. Kraner

Brook haven National Laboratory, Upton, NY 11973

Abstract

Experiments on intrinsic gettering of high resistivity
float-zone silicon wafers used for silicon position sensitive
detectors lead to reduction of detector leakage current.
Minority carrier life-time of gettered Si wafers was increased
and measurements of C-V characteristics of gettered Si wafers
also indicate that the gettering process produces an improved
SiOz/St interface. Intrinsic gettering was also compared with
As-implanted back side, gettering, and found to be superior in
this case.

Introduction

Gettering techniques have been widely used in recent
years in VLSI technology' to remove impurities and defects
from the active regions of semiconductor devices. The
technique termed extrinsic gettering introduces impurity sinks
on the back of silicon wafers by external means, such as ion
implantation [11, epitaxial misfit dislocations [2] or surface
damage. Intrinsic gettering, on the other hand, uses oxygen
precipitates grown, during the. heat treatments to remove
defects from active regions of the semiconductor device.
However, intrinsic gettering has been found to be successful
only in Czochralski-grown (CZ) silicon, where high oxygen
content exists (-IO1® cm'3), [3] until recently when Nauka et
al. found that, in an O2 + HCi ambient, intrinsic gettering of
Float-Zone (FZ) silicon can also be achieved [4,5]. In FZ
material, intrinsic gettering is based on a delicate dynamics of
vacancy injection and removal [5]. High resistivity FZ silicon
has been frequently used for detectors in the high energy
physics [6,7]. In the application of silicon drift chambers and
other double-sided detectors, it is important to preserve both
sides of the silicon surfaces for the detector fabrication.
Intrinsic gettering can be suitable tor these applications. In
this paper, we will report our preliminary results of intrinsic
and extrinsic getterings of high resistive (-2-4 knem) FZ sili­
con wafers for the application to silicon position sensitive
detectors.

Ex£erimenta]Jy[ethod

Materials used in this work are n-type TOPSIL <111>
and n-type, Wacker <H1> silicon wafers. Resistivity is about
4 kn cm for TOPSIL Si wafers and about 2 knem for Wacker
Si wafers. All wafers were given a standard cleaning before
oxidation. TOPSIL Si wafers were oxidized into three
different groups prior to any other processing steps:

Oxide A: Straight oxidation in an O2 ambient, followed
by an anneal in the forming gas (4% H2/N2) at the oxidation
temperature. The oxide thickness for this group of oxides is
about, 3000 A,

‘This research was supported by the U, S. Department of
Energy: Contract No. DE-AC02-76CH00016.

Oxide B: Three-step oxidation (1170°C for 6 hours, then
700°C for 18 hours, and then 1000’C for 5 hours) following
Nauka’s procedure except the oxidation ambient was 4% TCA
(trichlorethane) + 96% O2 [5-6]. Oxide thickness for this
group of oxides is about 5000 A.

Oxide C: A modified three-step oxidation in an 1.9%
TCA -r 98.1% O2 ambient. This oxidation procedure yields
an oxide thickness of about 4500 A.

The second and third oxidation procedures (Oxide B and
Oxide C) are typical intrinsic gettering procedures. The first
high temperature step in a TCA +■ O? ambient is believed to
cause extraction of Si interstitials (or injection of Si vacancies)
[6], resulting in a denuded zone beneath the surface. The low
temperature step in the middle allows nucleation of precipi­
tates of St interstitials. The final high temperature step causes
formation of precipitates in the bulk and gettering of defects
from the surface region.

After oxidation, TOFSIL Si wafers were then either
arsenic (As) ion-implanted arm annealed in N2 at 800°C to
activate the dopant, or phosphorus-diftiised, on the backside of
the wafers. This step is to form a n*  layer on the backside of
the Si wafers for I-V study and detector applications. Because
of the loss' diffusion temperature and short time in the step of
the formation of n+ layer, it is believed that this step caused
little backside extrinsic gettering. Thus, TOPSIL Si wafers
were used to study the effect of intrinsic gettering on the.
characteristics of devices made on high resistive materials. A
schematic describing the processing steps for TOPSIL < 111 >
Si wafers is shown in Fig. 1.

Processing steps for n-type Wacker <111> Si wafers are
shown in Fig. 2. Some wafers were As ion-implanted on the
back side prior to oxidation. These ion-implanted wafers,
along with some, control wafers (wafers with no ion implanta­
tion), were then oxidized into Oxide A and Oxide C with the
same oxidation parameters as described before. This group of
Si wafers were used to study the combined effect of extrinsic
and intrinsic gettering.

The capacitance-voltage (C-V) technique was used to
determine the flat-band voltage and stretch-out of MOS struc­
tures made on various oxides. Minority carrier generation life­
times of various Si wafers were carried out by using transient
capacitance response technique (C-T) on those MOS struc­
tures [8-101. The surface photovoltage technique was used to
determine minority carrier diffusion length, using a Schottky
diode structure with Pd as the metal contact.

B£sufcjmd.DisaissiQns

Intrinsic Gettering

As stated before, TOFSIL Si wafers, oxidized into three
different oxides (A, B, and C), were used in this portion of the
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study. To monitor oxide qualities such as the contents of
various oxide charges and interface states charges, C-V charac­
teristics of an Al-gate .MOS structure made on each oxide
were measured. Figure 3 shows an example of the results of
such measurements on Oxide A, B, and C with an As-
impla.-ted back for an. ohmic contact. .As demonstrated in
the figure, Oxide C (our modified three-step oxide) has a
smaller C-V stretch-out as compared with the control oxide
(Oxide A), indicating a lower inierfacial slate density at the
Si/SiOj interface [10]. On the other hand, C-V stretch-out for
Oxide fc (unmodified three-step oxide) is much larger than
that of the control oxide, oxide A. This is probably caused by
the high Ci content in the oxidation ambient. It is noticed,
however, that flat band voltage shifts, A"v'fb, are larger for
Oxide C and Oxide B as compared with Oxide A, suggesting
larger oxide charges including niobite ions in Oxides B and C.
This oxide charge could be introduced in an uncontrollable
fashion during the implantation of arsenic after oxidation.
This point is supported by the smaller AVra for oxides (A, B,
and C) with P-diffused n+ back, as it is shown in Table I.

The data in Fig. 4 demonstrates the transit response of
MOS structures made on the three oxides with As-implanted
backs, from which one can obtain information of minority
carrier generation life-time (ig) of the Si wafers [8-10]. At t
= 0", the MOS structures were biased in accumulation (posi­
tive bias on the metal gate). A large negative bias (V ~ -20
volts in this study) was applied at t = 0 (to t—oo). This causes
deep depletion initially in the Si substrate since minority
carriers have finite generation time to establish an inversion
layer, and capacitance is at its minimum C(t = 0) - Cp As
time progresses, enough minority carriers would finally be
generated to cause inversion at the Si/S:O2 interface, and
capacitance is at its maximum C(t>tF) = Minority carrier
generation time is generally a function of tF. A simple
approximation is gfven as [101: 

L_
T8 8N!5 C”’" (1 (1)

where ND is the doping density, nj the intrinsic carrier density
(nj(Si) = 1.0 x IO10 cm"3 at 23°C) and the Cos the oxide capa­
citance.

Table I summarizes C-V, J-V, surface pbotovoltage, and
minority carrier generation life-time on all three oxides. It is
observed that minority carrier generation life-time, or diffusion
length, improves greatly, as compared with control wafers of
Oxide A, 'when the third oxidation (Oxide C) procedure was
employed. For example, in Oxide C is about 524 /is, a
50% increase from that of Oxide A. This improvement of the
wafer quality is also supported by data on the leakage cur­
rents, also shown in Table I, of p-i-n junction detectors made
on the corresponding oxides. In fact, leakage current density
of detectors made on Oxide C is almost one order of magni­
tude smaller that! that of detectors made on Oxide A.

The dark current (or leakage currents) density of a p-i-n
junction can be expressed as follows [12]:

qmW qDr. m2 qSf.m
-dark t m •> •'

•“g Lm i'D

where W is the depletion width, Dp the diffusion coefficient
for holes, I.p the diffusion length for holes, and S? the surface
recombination velocity. The first term in Eq. (2) is bulk gene­
ration current in the depletion layer. The second term is dif­
fusion current at the depletion edge, and the third term is sur­
face generation current. For Si, with a large n;, diffusion cur­

rent can generally be neglected. Thus, Eq. (1) can be rewrit­
ten as:

The dark current density of a Si p-i-n junction is there­
fore the combination of bulk generation current in the deple­
tion and the surface (or interface.) generation current.

For the gettered detectors made on Oxide C, minority
carried generation life-time r„ is larger and interface states
density is smaller than those of ungettered detectors made on
Oxide A, resulting in a much lower overall leakage current
density, as it is shown in Table 1. We note that bulk genera­
tion current is the dominant term in Eq. (3) for p-i-n detectors
made on oxide C.

It is noticed that oxides in the group of Oxide B have
large C-V stretchout (Fig. 3 and Table I), indicating high
interfacial state density at the Si/SiO2 interface, about
101! cm'2. It is thus possible that high leakage current density
observed here are surface leakage current via interface states.

Intrinsic Gettering and Extrinsic Gettering

In this portion of the. study Wacker n-type <m> Si
wafers were used. This work is aimed to compare intrinsic
and extrinsic gettering using As backside implantation and
their combined effect on high resistive FZ silicon wafers. For
extrinsic gettering, arsenic ions were implanted on the back
side of Si wafers prior to any high temperature treatment such
as oxidation. Our modified three-step oxidation (Oxide C)
was employed for intrinsic gettering.- which permits tempera­
tures up to 1100“C.

Table II summarizes data of minority carrier generation
life-time and C-V characteristics of gettered (intrinsic and
extrinsic) and ungettered Si wafers. As one immediately sees,
intrinsic gettering improves minority generation life-time by a
factor of five from 129 us to 720 us. On the other hand,
extrinsic gettering alone using As ion-implantation has little
effect in improving minority carrier life time, from 129 ;<s to
about 160 gs, an increase of -25%. Though the energy that
goes into this nuclear process is highest for As amount a num­
bers of ion species, A:, implantation creates lowest residual
disorder after 1000°C temperature treatment [12]. Il is
believed that it is essential to have a high residual disorder for
an efficient extrinsic gettering [12]. It is clear that in order to
get higher gettering efficiency from ion implantation, extra
processing steps (other than As-implanted iv back) may be
needed. One example is to use a high dose Ar implantation
to create high residual disorder [121.

In the case of intrinsic gettering plus extrinsic gettering,
oxidation C was performed on As-implanted Si wafers. Minor­
ity carrier generation life-time improved about 35%, from 720
gs for control wafers to 972 /.s for gettered (intrinsic and
extrinsic) wafers. This gettering efficiency is approximately the
same as that in the case of extrinsic gettering alone.

It should be mentioned that a sputtered a-Si layer on the
back side of Si wafers was found to have little or no gettering
effect in this study. This ineffectiveness could result from
either little disorder being introduced during the sputtering
process or the disorder was totally annealed out via solid
phase epitaxial, [13] leaving little residual disorder for getter­
ing to take place. This is, however, still a preliminary finding
and more work needs to be done in order to obtain conclusive
results.
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Conclusion

An intrinsic gettering techniques for FZ-zone high resis­
tive. silicon using TCA + O2 ambient has been described. It is
found that this intrinsic gettering process improves minority
carrier generation life-time and SiO>/St interface properties,
leading to the reduction of leakage current of p-i-n detector
configuration. Direct comparisons of intrinsic gettering and
extrinsic gettering using As ion-implantation have been made.
Intrinsic gettering is found to be the dominant process in this
study.
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TABLE L Summary of Effects of Various Gettering on
the Properties o’ Si and SiO2 Substrates.

Treatment

Measurement As Implanted
n + -back

P-Diffused
n+-back

Oxide C
(in TCA/O2)

As Implanted P-Diffused
nA-back a+-back

Density
J (Amp/cm2)

Minority Carrier
Generation
Life-Time

;-g (,us) (±20%)

358 153 312 113 524 432

C-V
Stretchout
JV(Volt)

1.0 0.9 1.9 2.5 0.65 0.9

Interface States
Density

Nss (cm'2)
4,8x10’° 4.3x10’0 9.1x10’° 1.2x10” 3.1x10’° 4.3xl0’!

Flat-Band
Shift

AVre(Vo!t)
-7.2 -4.2 ■14.1 -9.0 -9.3 -4.3

Diffusion
Length

Lp (pm)
180.4 123.0 189.4 161.3 193.5 192.3

p-i-n Junction
Leakage Current 1.5xl0"7 — 10-3 ... 2.0x10'®

Table II. Comparison of Intrinsic Gettering and Extrinsic Gettering

Oxide C
(Intrinsic Gettering)

Control
(Intrinsic)

As-implanted
(Intrinsic and
Extrinsic)

Oxide A
(Straight Oxidation)

Control
(Control)

As-implanted
(Extrinsic)

’g(4S)
P-20%)

720 972 129 160

AVS;B(V) -3.85 -4.2 -5.1 -6.5

SV(V) 0.6 0.8 0.4 0.5

Authorized licensed use limited io: Penn State University. Downloaded on May 26, 2009 at 1 o:38 from ItEE Xplcte. Restrictions apply.
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Figure 1. Processing steps for Si wafers used in intrinsic
gettering study.

Figure 2. Processing steps for Si wafers used in intrinsic and
extrinsic study.
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Abstract

A new concept for uncooled infrared (IR) imaging with a double-cantilever microbolometer structure has been proposed. The approach
has the potential of reaching a noise equivalent temperature difference (NETD) in the millikelvin range. The proposed microbolometer
architecture comprises a thermally sensitive bimaterial element that controls the position of two capacitor plates coupled to the input of a
low noise MOS amplifier. The top and the bottom plates of the sensing capacitor are composed of two overlapped free-standing bimaterial
cantilever beams. The bimateriai element with maximum difference in thermal expansion coefficients will convert heat into mechanical
movement. The orientation of the bimaterials for the top and the bottom cantilever beams is such that the metal layer on the bottom
cantilever beam faces the metal layer on the top cantilever beam. IR irradiation will result in a deflection of the double-cantilever beams in
opposite directions, enabling a large change in the sensing capacitor. Residual stress and curvature in each layer can be modified by an ion
implantation technique. The advantages of the pixel design include extremely high sensitivity and tow noise. In addition, the absorption of
incident infrared irradiation can be enhanced dramatically by the aid of a resonant cavity configuration between the top and bottom plates.
The design and manufacture of double-cantilever microbolometers are very flexible since the resonant cavity and the sensing capacitor gap
are realized using two separate sacrificial layers. The effects of sensing capacitor gap distance, leg length, and bimaterial thickness on the
microbolometer performance have also been investigated.
© 2004 Elsevier B.V, All rights reserved.

Keywords: Microbolometer, Noise equivalent temperature difference (NEE D); Bimaterial cantilever; Thermomechanical response; Stress modification;
infrared absorption spectra

1. Introduction

Infrared (IR) detectors have extensive medical, industrial,
military', and commercial applications [1], Broadly, they can
be classified as either photonic detectors or thermal detec­
tors. The class of photonic detectors has fast response time
and low noise equivalent temperature difference (NETD) [2],
but requires the devices to be kept at a reduced temperature
(•-■80 K) to minimize the effects of internal thermal noise.
The high cost of cryogenic IR cameras has limited their use
to primarily scientific research and military applications,

Without the cooling system, IR cameras can have 20 times
power reduction, Iff-100 times size reduction, and 10 times
cost reduction. Currently, two types of uncooled IR cam­
era, i.e. resistive microbolometer and pyroelectric detector
arrays, are commercialized. Both have demonstrated NETD

’ Te!.: +1-617-353-1895; fax: +1-617-353-1896.
E-mail address: biaoli@bu.edu (B. Li).

0924-4247/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi: 10.1016/j.sna.2004.01.031

of less than 20 mK [3] atid 50 mK [4], respectively, and re­
sponse time in the millisecond range. Further improvement
of the performance of these detectors, however, is limited
by the fundamentals of the temperature coefficient of re­
sistance (for resistive microbolometers) or the pyroelectric
coefficient (for pyroelectric detectors), as well as high noise
level.

Recent advances in micro-electro-mechanical sys­
tems (MEMS) have led to the development of uncooled
single-cantilever microbolometer arrays, which function
based on the bending of a bimateriai beam upon absorption
of optical energy. The reported NETD for the cantilever
type thermal detectors range from 5K to 5mK [5-7].
However, their manufacturability, planarity and reliability
have been inadequate in systems. The released cantilever
structures are always bent up due to the imbalance residual
stress. In addition, the theoretical prediction indicates that
the sensitivity of the cantilever microbolometer is inversely
proportional to the gap distance between the cantilever
and the substrate. Small gaps result in high performance.
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however, experimental results show that small gaps also
lead to severe problems caused by stiction and sacrificial
layer remaining in the released structure.

In this paper, we proposed a double-cantilever microbolo­
meter array for IR imaging. Such uncooled IR imaging
system has the potential of reaching NETD in the mil­
likelvin range which is competitive with the best cryogenic
ones.

2. Principle of double-cantilever microbolometer

The double-cantilever microbolometer thermal imaging
system employs arrays of thermally sensitive micro-ma­
chined bimaterial elements. Each pixel in the arrays consists
of two overlapping bimaterial cantilever beams that bend
in opposite directions as their temperature rises due to ab­
sorption of incident infrared radiation. Figs, la and 2 show
the essential structures in a cross-section, top view and side
view of a single pixel. The top and bottom plates of a sens­
ing capacitor are composed of two overlapped free-standing
bimaterial cantilever beams. The orientation of the bimate­
rials for the top and bottom cantilever beams is such that the
metal layer on the bottom cantilever beam faces the metal
layer on the top cantilever beam. A thin NiCr (90/10) IR
absorption layer (not shown in Fig. 2) is deposited on the
surfaces of both cantilever beams [8], The bimaterial ele­
ment with maximum difference in thermal expansion coef­
ficients converts heat into mechanical movement. Since the
metal layers on double-cantilever beams are designed to face
each other, IR irradiation will result in a deflection of the
double-cantilever beams in opposite directions, enabling a

m SiN.
NiCr
S1O3

W

^isss

C‘s

VB

—-IL M2

IL Mi —
] y M3

tbs

Fig. 1. (a) Cross-section of a pixel showing the major elements and
materials of the double-cantilever microbolometer structure, (b) Circuit
diagram of die amplifier and the addressing circuit at each pixel. 

(a)

(fo

SiNx

■HUB Sl°
A,

Fig. 2. The exploded top view (a) and side view (b) of the double-cantilever
microbolometer structure. A thin IR absorber layer on the top cantilever
surfaces is not shown.

large change in the sensing capacitor. As each layer flexes
due to differential thermal expansion, it will enable control
of the position of individual capacitive plates coupled to a
low noise MOS amplifier (Fig. lb). In the design, thermally
isolated support tegs prevent the heat from being shunted
down to the substrate, white the electrical connection on
the top of the thermal insulator is highly optimized, having
minimum impact on the thermal resistance.

Highlights of the advantages of the proposed double­
cantilever microbolometer are as follows:

(a) Extremely high sensitivity: The temperature-induced
capacitance change in the double-cantilever structure is
about two times larger than that in a single-cantilever
structure. As shown in Section 4, NETD is ■-•13 and
~8 mK for single and double-cantilever microbolome­
ters, respectively. Moreover, there is no additional
dielectric layer between the metal plates of sensing
capacitor, and double-cantilever beams can be manufac­
tured flat rather than curved—all these further increase
the detectivity.
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(b) Low noise level: Since Johnson noise is negligible, the
total noise of the cantilever-based microbolometer is
about an order of magnitude lower than the resistive
microbolometer.

(c) High image quality with pixel-by-pixel image-correction
capability: In Fig. lb, the relative amplitude of Kg and
Fa can be used to adjust the offset at each pixel, Fa

itself can be used to adjust the gain at each pixel.
(d) Excellent IR absorption: The incident IR light is ab­

sorbed by the overlapped top and bottom cantilevers
that result in the sensing capacitance change. The res­
onant cavity with a X/4 gap is designed in order to
increase the IR absorption efficiency [7],

(e) True design and manufacturing flexibility. The thick­
ness of the first sacrificial layer (between the substrate
and the bottom cantilever) is ■'•'2.5 p.m for the pur­
pose of forming a X/4 resonant cavity, whereas the
thickness of the second sacrificial layer (between the
double-cantilever beams) is designed to be less than
0,5 p.m for the purpose of improving the sensitivity.

(f) Robust and IC foundry process compatibility: The
proposed fabrication processes are completely com­
patible with existing IC-MEMS manufacturing pro­
cesses and thus will enhance product reliability and
manufacturability'.

3. Concept evaluation

The requirements of the cantilever microbolometer de­
sign include the following: (i) the pixel’s temperature rise
must be maximized, and (ii) the thermomechanical response
must be optimized for a given incident flux of IR under the
constraints of the predetermined pixel size. In addition, in
order to achieve real-time detection, the thermal time con­
stant of the pixel must be compatible with the frame rate of
an imaging system. To optimize the system performance,
material selection, thermal design, thermomechamcs, pixel
stability and noise are important issues that need to be
carefully balanced.

3.1. Material selection

The double-cantilever microbolometer structure consists
of three parts: IR absorber, thermal isolation and bimaterial 

actuation. Table 1 lists the thermophysical properties of
some material candidates for each part.

(a) IR absorber: Low stress SiNx [10,11] and thin NiCr
layer [8] are chosen because they can absorb IR effec­
tively in the range of 8—14 p,m.

(b) Bimaterial actuation: Two materials shall have a large
mismatch in coefficients of thermal expansion (CTE).
PECVD low stress SiN^ atsd Al seem to be good candi­
dates as the bimaterial pairs.

(c) Thermal isolation: The thermal conductivity of the two
materials must be low. Based on Table 1, SiC, SiNx and
NiCr can be used.

In addition, the candidate materials must be compatible
with micro-fabrication processes, have low-residual stress in
thin films, and possess good chemical inertness.

3.2. Infrared absorber

Both metal and semiconductors can be used as an infrared
absorber material for IR detectors [8,10,11], However, the
complete infrared absorption spectra of IR absorbing mate­
rials for uncooled microbolometer system are little studied.
Based on the optical constants of metals [13] and semicon­
ductors [8], we calculated the infrared absorption spectrum
of the typical IR absorber materials, i.e. Al, Au, Ni and SIN.
using a transfer matrix theory' [14]. Fig. 3a illustrates the
calculated infrared absorption spectra of Al, Au, Ni (5 nm
thick) and SiNx (1 gm thick) on a silicon substrate. To re­
duce dramatic reflection in thick metal films, a very thin
metal layer is required for optical absorption due to its high
refractive index. As for the SiN- film with a small k (the
imaginary part in the refractive index), the film thickness
must be more than -- 1 p,m (the optical penetration depth)
[10]. It is seen that as the wavelength increases, the absorp­
tion decreases much faster for thin Al and Au films than
that for SiN.r and Ni films. Therefore, SiNx and Ni are good
candidates as infrared absorbers in the 8-14 p.m wavelength
range.

A X/4 resonant absorption cavity can enhance the opti­
cal absorption in the wavelength X [7]. This is demonstrated
in Fig. 3b. By using a resonant cavity with a 2.5 ptm gap
distance, the infrared absorption at 10 pm increases signif­
icantly compared to the film deposited directly on the Si
substrate.

Table I
Thermophysical properties of materials [ 12]

Young’s modulus
(GPa)

Poisson ratio Expansion coefficient
(xW6^)

Thermal conductivity
(W/(cmK))

Specific heat
(J/(kgK))

Density (g/cm3)

Al 70 0.35 23.1 2.35 900 2.7
Au 78 0.42 14.2 3.2 132 19.3
NiCr 200 0.312 13.3 0.907 440 8.9
Poly-Si 169 0.22 2.9 1.5 753 2.33
SiNx 300 0.26 3.2 0.35 333 2.44
SiO2 70 0.17 0.5 0.01 i 227 2.2
SiC 415 0.16 1.1 0.013 715 3.16
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Fig. 3. (a) The calculated infrared absorption spectra of an Al, Au, Ni
(5 nm thick) or SiNx film (0.5 |±m thick) on a silicoti substrate, (b) The
calculated infrared absorption of SiNx film with (soisd line) and without
(dashed line) a 2.5 u.ra resonant cavity.

3.3. Thermomechanical response

When a cantilever beam is exposed to infrared radiation,
its temperature would increase due to absorption of the ther­
mal energy. If two cantilever beams are constructed from
materials that exhibit, dissimilar thermal expansion proper­
ties, these beams would undergo bending due to differential
surface stress in the structure [5—7]. /Assuming that the width
and thickness of each individual layer in the bimaterials are
identical, the deflection, z, at the free end of a cantilever
beam introduced by thermal strain will be [9]

k Aa AT L2
------- J------- (1)

where Acs = aj — cq is the difference of the thermal expan­
sion coefficient for the bimaterials, L the length, r the thick­
ness of the individual layer, AT the change in temperature,
and k is a constant which is related to the material properties

t = .... (2)
E^ + E^ + 14EiE2

where E is the Young’s modulus. The subscripts 1 and
2 denote the metal and dielectric layers in a bimaterial 

cantilever, respectively. The movement of the plate, Az,
related to a change in temperature can be derived from
Eq. (1) as

Az

AT

L2
k Aw—

2t
(3)

The thermomechanical sensitivity for a double-cantilever
microbolometer structure can be expressed as

.. Az
*::::|a40P

Az

A T' I bottom
(4)

where |Az/A7]top and |Az/A7h,c,itom represent the deflection
per unit temperature for the top and bottom plates, respec­
tively. Consequently, the capacitance change of the sensing
capacitor is given by

AC z

Co z + so
(5)

where zq is the initial gap distance of the sensing capacitor,
and z is the average deflection. In a linear approximation

z =
..C^dL (6)

where ij and Z.-2 represent the minimum and maximum dis­
tance from the capacitor plate to the anchor, respectively.

3.4. Thermal response

The temperature rise of a pixel can be expressed as
AT = qAFF/G [1] where q is the absorbed IR flux, A the
area of each cantilever element, FF the fill factor, and G
is the thermal conductance between the cantilever and the
surroundings. To maximize AT, G must be minimized. The
conductance arises from two main contributions

G — G-.eg + Grac; (J)

where G.eg is the conductance due to heat conduction
through the support legs between the pixel and the substrate,
and Grad is ’"e thermal radiative conductance between
the pixel and its surroundings. Conductive losses through
supporting legs is given by

Gle§= zL {kw j), <8)
where k is the thermal conductivity of the leg material, and uj

is the width of the support leg. To reduce Gseg, it is required
to use narrow, thin, and long legs made of a low thermal
conductivity material.The radiative conductance is given as

Grad = + t^AT* (9)

where a is the Stefan-Boltzmann constant, and £t and e-0
are the emissivities of the top and bottom pixel surfaces,
respectively. Since radiation cannot be eliminated, Grad
imposes the lower physical limit of the total conductance.
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For the temporal response of the thermal imaging system
to be compatible with real-time visible imagers, the ther­
mal time constant r of the pixel should lie at ~20 ms (for
30 ftames/s) or ~10 ms (for 60 frames/s). r is determined by
the pixel’s heat capacitance Cth and thermal conductance 

where Cth = p and c are mass density and heat
capacity for i species, respectively.

3.5. NETD

NETD is the change in temperature of a large blackbody
within the field of view of an imaging system that will cause
the signal-to-noise ratio at the output of the array to be equal
to unity, NETD can be calculated based on a thermal trans­
fer coefficient ft = ATj/ATd, where ATt and A74 are the
change of the target and detector temperature, respectively.
If the signal sensitivity coefficient is composed of several
factors such as imaging optics, spectral bandwidth, and the
thermal shunting due to parasitic thermal resistance to the
ambient, we have

ft == f 1 + 4^-) f 1 + —) (11)
\ Grad/ \ /

where 4F2 is the factor of imaging optics. If the absorption
in the path between the source and the absorber and the spec­
tral efficiency of the absorber are modeled as a rectangular
spectral band pass function, the spectral bandwidth factor is
given by

f-*A-- $4 \ ‘ *'/
4 jj(a. n dxj 8 v

where P(k,T) is the radiance of the target that is described
by Planck’s law [11.

In the double-cantilever microbolometer system, Johnson
noise is negligible. The overall NETD is mainly contributed
by the amplifier noise and phonon shot noise. The compo­
nent due to amplification electronics is 

where is the ms value of the equivalent input noise
voltage to the source follower amplifier, and J?v is the voltage
sensitivity to temperature at the amplifier input. The voltage
sensitivity to the temperature is obtained from the circuit in
Fig. lb as [15]

R /AVg\ MCs\ / Az\ StVa
' Vacs / \ Az ./ \ATJ 3 (14)

The phonon shot noise is expressed as 

v^IbT^aFg
NETDrh = B~-—~~—r h Rv

where is the Boltzmann constant, and A/is the detection
bandwidth. The overall NETD is derived from the quadrature
sum of the contributors

NETD - . / NETD2 4- NETD2 (16)
V diiip pn '

3.6. Signal readout

There are a number of possible readout schemes that
can be adopted for the vertical position determination:
capacitive, resistive, piezoresistive, piezoelectric, electron
tunneling, and optical [10,16]. In a capacitive readout mode,
IR irradiation induced cantilever deflection is converted to
the change in the sensing capacitance that is amplified and
readout in a voltage signal. Fig. lb shows a simplified sense
circuit. There are three applied signals, Ka, Eg, and Kr

and three transistors, Af; the reset transistor, M2 the source
follower amplifier, and M3 the row select transistor. There
will be additional transistors associated with Fa and Fb for
controlling the sub-microsecond sense pulses of opposite
polarity applied to Cg and Cr. If CrVr = -CsVa, the
nominal signal applied to the amplifier transistor is zero.
Thus, the relative amplitude of Fb and Fa can be used to
adjust the offset at each pixel. Va itself can be used to adjust
the gain at each pixel. Gain and offset correction at each
pixel is critical to optimize image quality and increase yield.

Improvement of NETD for the double-cantilever mi­
crobolometer system also depends on better performance
of the temperature stability-control system [I]. The pre­
cise substrate temperature control requirement is driven
by two principal factors: the non-uniformity characteristics
for the microbolometer array elements and the non-linear
thermomechanical characteristics of the bolometer element
versus temperature. There may be variations in the follow­
ing microbolometer element properties such as gap distance
between two plates of the sensing capacitor, supporting
structure thermal conductance, heat capacity, emissivity,
etc. The temperature control can be achieved through a heat
exchanger and a thermoelectric Peltier device.

3.7. Pixel stability

Unlike resistive-type microbolometer systems, the elec­
trical stability of a double-cantilever microbolometer pixel
is ideal since the bias-induced self-heating effect [17] is ne­
glected in the capacitive readout mode. Environmentally in­
duced failures, particularly, failures due to thermal cycling
and mechanical shock are considered as one of major relia­
bility concerns in MEMS [18]. These environmental condi­
tions are also critical for space applications of the infrared
detectors. For example, the Mars Pathfinder Mission had ex­
perienced 80 mechanical shock events during the pyrotech­
nic separation processes. The effect of mechanical shock on
the double-cantilever microbolometer is modeled using fi­
nite element simulation. Fig. 4 illustrates the out-of-plane
deflection of the double-cantilever bolometer as a function of
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Fig. 4. Out-of-piane deflection of the double-cantilever bolometer as a
function of mechanical shocks.

shocks. The sensing pixel size is 50 |xm x 50 p.m and the sup­
port leg length is 50 p.m. Since both plates of the sensing ca­
pacitor move in the same direction for the double-cantilever
microbolometer subjected to mechanical shock, failure may
occur when the bottom plate impacts the substrate. If the
thickness of the first sacrificial layer is 2.5 p.m, the device
can bear with 1500g shocks.

3.8. Stiction and stress modification

Ultimately, double-cantilever microbolometer arrays will
be manufactured on CMOS readout electronics. Therefore, a
low temperature micro-machining technique [19] is required
for micro-fabrication. For the proposed double-cantilever
microbolometer structures, commonly used sacrificial lay­
ers (e.g. silicon dioxide, phosphor-silicate glass, etc.) are not

___ I

-MW

Fig, 5. Finite element simulation of double- and single-cantilever microbolometer structures upon IR irradiation, (a) Double-cantilever: z — 0.452 gjn/K,
NETO = 8 6mK. (b) Single-cantilever: z = 0.227 gm/K, NETD = 13mK.
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appropriate for on-chip integration because the wet release
step is often difficult to combine with already integrated
devices. For example, the aggressive etchants will attack
passivation oxide or aluminum metallization [20], The wet
etching release processes are also susceptible to sticking of
the released structures due to surface tension forces of liq­
uids. Recently, new processes have been introduced, which
are based on germanium [19], photoresist [21] or polyimide
[22] sacrificial layers and dry release. An advantage of the
dry release step is the elimination of any sticking problem.

A frequently observed problem with various types of
free-standing microstructures is the introduction of com­
pressive or tensile stresses. This can be caused by a number
of different reasons, such as a film-substrate mismatch in the
coefficient of thermal expansion, a mismatch in the lattice
parameter, deposition induced non-equilibrium atomic ar­
rangement in the metal film, etc. [231. The presence of such
stresses in bimaterial cantilever microbolometers causes
bending of cantilever beams. As aforementioned, the perfor­
mance of cantilever microboiometer is affected significantly
by the gap distance between the two plates of the sensing
capacitor. Curled cantilever beams will result in degradation
or failure of the double-cantilever microbolometer system.
Therefore, it is of critical importance to manufacture the
designed architecture with a flat beam curvature.

Recent reports demonstrated that ion machining approach
can be useful as a means for post-fabrication correction
of unwanted curvature in released microstructures, as well
as a technique to intentionally introduce a desired degree
of curvature if needed [23,24], The ion beam can fiat an
initially curved microstructure by: (i) rendering an amor­
phous thin film layer of material near the semiconductor
surface, (ii) removing material at the semiconductor sur­
face after continuous bombardment, and/or (iii) affecting
through-thickness stress distribution. Optically fiat surfaces
(curvature 0.001mm"4 5) have been achieved on a number

4. Simulation results

The mechanical deflection of the cantilever microbolome­
ter system as a fanction of temperature change is simulated
using finite element modeling. Fig. 5a shows the deformed
structure of the double-cantilever microbolometer structure
subjected to 1R irradiation. Obviously, the top plate is bent
up w'hile the bottom one is bent down. The average move­
ment of two plates relative to the change in temperature
is 0.452 p.m/K. This agrees with the numerical calculation
from Eqs. (1)-(4) and (6), 0.448 jxm/K. The parameters for
the simulation are listed in Table 2. From Eqs. (1}-(1.6),
NETD in the double-cantilever microboiometer system is

of 3 p,m-thick surface micro-machined silicon structures, in­
cluding mirrors with either initially positive curvature or ini­
tially negative curvature measuring up to 0.02 mm"1 [24].
This technique can be used for stress engineering in the
double-cantilever microboiometer architecture.

Table 2
The pixel design and specifications of double-cantilever microbolometer
system

Sensing pixel size (g.m) 50 x 50
Support leg length, L (p.m) 50
Bimaterial layer thickness, 1 fom) 2 x 0.1
First sacrificial layer thickness (|ira) 2.5
Second sacrificial layer thickness (g.m) 0.5
Support ants width, w lorn) 2
Fill factor, FF 0.7
Frame rate (Hz) 30
F-number i
Spectral band (pi) 8-14
Sensing voltage, Fa (V) 5
Amplifier noise, y'uj (mV) 70
Nominal operating temperature (°C) 23
Target temperature ( C) 28

calculated as 8.6 mK. This value cars be further reduced by
decreasing the amplifier noise. If the amplifier noise is neg­
ligible, NETD can be reduced to ~2 mK.

Fig. 5b shows the finite element simulation of single­
cantilever microbolometer structure subjected to 1R
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irradiation. The temperature-induced deflection of the single
plate, 0.227 p,m/K, is half of the movement in the double­
cantilever structure. Correspondingly, NETD for the
single-cantilever microbolometer system, 13 mK, is higher
than the double-cantilever microbolometer system.

We further investigate the influence of device parameters
on NETD for double-cantilever microbolometer system. The
calculation is performed with art MathCAD software.

4.1. Sensing capacitor gap

Fig. 6 shows the effect of the sensing capacitor gap on
NETD, sensing capacitance change and thermomechanical
sensitivity of the double-cantilever microboiometer system.
All these parameters are benefited from the small gap dis­
tance. As a result, smaller gap distance results in smaller
NETD or better device performance. However, curvature
modification will be critical when two plates approach. In
the fabrication of the double-cantilever microboiometer, the
gap distance of the sensing capacitor is determined by the
second sacrificial layer thickness.
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Fig. 7. Effect of the support kg length on (a) NETD and thennomechanical
sensitivity and (b) thermal time constant and cut-off frequency of the
double-cantilever microboiometer system. The lateral pixel size is set as
the same as the leg length.

4.2. Leg length and pixel size

It is desirable to shrink the pixel size for large scale inte­
gration. Fig. 7 shows the effect of the support leg length on
NETD, thermomechanical sensitivity, thermal time constant
and cut-off frequency of the double-cantilever microboiome­
ter system. The lateral pixel size is set as the same as the
leg length. The thermal time constant decreases as the pixel
size decreases due to the decrease of thermal capacitance.
The cut-off frequency for a microboiometer with 50 p.m long
support legs, 104 Hz, is much larger than the frame rate of
conventional infrared camera. This implies that high imag­
ing resolution can be achieved using the double-cantilever
microboiometer system. On the other hand, NETD increases
while the thermomechanical sensitivity decreases as the leg
length decreases. To realize a high density microboiometer
array, other materials should be used. As seen in Table 1,
SiC is a good candidate due to its lower thermal conduc­
tance and large CTE mismatch with Al.

4.3. Bimaterial layer thickness

Fig. 8 shows the effect of the bimaterial layer thickness on
NETD, thermomechanical sensitivity, thermal time constant 
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of the double-cairtilever microboiometer system.
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and cut-off frequency of the double-cantilever microbolome­
ter system. The thermomechanical sensitivity decreases as
the bimaterial layer thickness increases according to Eq. (1),
which results in the increase of NETD. With the increas­
ing layer thickness, the thermal conductance increases more
quickly than the thermal capacitance. This causes the in­
crease of thermal time constant and the decrease of cut-off
frequency. Therefore, a thin bimateriai layer is desirable. In
this case, an IR absorber and resonant cavity are required
for effective IR absorption.

5. Conclusion

A novel concept of uncooled double-cantilever mi-
croboioroeter system is proposed. The simulated results
show that NETD of such system is in the millikelvin range
which is competitive with the best cryogenic infrared cam­
era. The advantages of double-cantilever microbolometer
system include extremely high sensitivity and low noise,
flexibility in design and fabrication. The effects of sensing
capacitor gap distance, leg length, pixel size, and bimaterial
thickness on the microbolometer performance have been
investigated.
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An experimental study of the correlation between surface roughness
and light scattering for rough metallic surfaces

Hongsong Li and Kenneth E. Torrance
Program of Computer Graphics, Rhodes Hall, Cornell University, Ithaca, NY 14853

ABSTRACT
We present an experimental study ofthe angular distribution of light scattered from several rough metallic surfaces, which
cover a range of roughness conditions. The substrate materials are steel or glass; roughened by bead-blasting, grinding, or
etching; and aluminum-coated. The measured surface-roughness statistics are filtered by using a composite roughness
model. The raw mechanical roughnesses range from 0.21 pm to 2.66pm; the high-frequency small-scale roughnesses
range from 0.13pm to 0.86pm. The optical wavelength is 550nm, so that the roughness-to-wavclength ratio is of order
one. A BRDF model based on the Kirchhoff approximation is used to establish a relationship between surface-height
statistics and the angular distribution of the scattered light. Angular distributions calculated with the BRDF model are fit
to the measurements. The best-fit roughness statistics from the BRDF model agree closely with those measured for the
high-frequency' small-scale roughness component. The latter roughness component, which has the highest surface stopes,
is thus the primary contributor to the angular distribution of the reflected light. We show that the Kirchhoff approximation
can be applied to rough metallic surfaces that have multiple scales of roughness and near-, but not perfect, Gaussian
surface-height distributions.

Keywords: Optics, scattering, roughness, surfaces, reflectance, BRDF, Kirchhoff approximation, computer graphics

I. INTRODUCTION
Efficient analytical models for the light scattered by a surface are needed in computer graphics in order to create
photorealistic images of synthetic scenes tmd environments? The directional light scattering by a rough surface represents
one example. Physically-based (wave-optics) models have been developed for this purpose, but the models need to be
verified by experiments. To use such a model, we also need a practical method to estimate the surface-roughness statistics,
either by direct measurement or inferred approximation. In this paper, wc examine the usefulness of an existing
wave-optics reflectance model,2 which Is based on the Kirchhoff approximation,3,18 for roughened metallic surfaces and
propose a method of surface-height characterization,

Lt. Analytical models for the BRDF
The directional properties of light reflection at a surface can be characterized over the entire angular and wavelength
domains by the bidirectional reflectance distribution function (BRDF).5

For use in computer graphics, a BRDF model should be efficient, accurate, and easy to use. Millions of BRDF evaluations
are required to get quality images even for a simple synthetic scene. Compact analytical models are preferred. Further, the
BRDF model should cover lite entire incident and reflection hemispheres, and the visible wavelength range, with good
accuracy. This allows the rendering of surfaces under arbitrary orientations and lighting, with correct color reproduction.
Lastly, the inputs for use of a BRDF model should be intuitive and easy to determine.

Limited by computational power, the early BRDF models in computer graphics emphasized efficiency more than
accuracy, following an empirical approach.8"8 To improve the models, advancements from optics were introduced.2,91 18
Among these, BRDF models employing the Kirchhoff approximation were promising due to their relative simplicity,
analytical form, ease of computation, accuracy, and statistical representation of rough surfaces. The scalar form of the
Kirchhoff approximation was developed by P. Beckmann3 and a more general vector form by A. Stogiyn.4 The latter
allows for a full Fresnel reflectivity and polarization. Based on the foregoing, X. He et al.2 proposed a comprehensive
BRDF model (He-Torrance model hereafter) for computer graphics applications. The model incorporates the vector
form,1 the masking/shadowing factor developed by B. G. Smith,31 and applies for first-surface reflections. Any multiple
scattering on the surface, or any possible subsurface scattering, were modeled with a constant Lambertian term. (More
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detai is on the He-Torrance model and the basic equations are available in Appendix A.) Since the He-Torrance mode! is
based on the Kirchhoff approximation, the validity of feat approximation will directly affect any predictions.

The limitations and accuracy of the Kirchhoff approximation have been studied theoretically and experimentally.
Generally, the Kirchhoff approximation is accurate when the radius of surface curvature (due to roughness elements, for
example) is large compared with the illuminating wavelength and the angle of incidence is not large?2 In addition, the
accuracy may be limited by other assumptions of the theoretical model, such as a Gaussian distribution of surface heights,
a single length scale of roughness, or a constent reflection coefficient.

1,2. Experimental validation ofBKDF models
For computer graphics applications, experimental tests of BRDF models are somewhat limited. Several BRDF
instruments were built and used to validate models.10, !3"15 Perhaps the earliest BRDF measurements used by the
computer graphics community were published by K. E. Torrance and E. M, Sparrow?6 Those measurements were
adopted to develop what is now known in Use field as the Cook-Torrance model8 and the He-Torrance model.2
Unfortunately, none of the measurements provided ample angular and spectral coverage. For validating the He-Torrance
model, the experimental studies included only limited measurements of the surface-heights of the samples.

In the optics community, extensive experimental investigations of light scattering have been carried out to validate various
BRDF models. One classic study is that of K. A. O'Donnell and E. R. Mendez,12 who took great efforts to fabricate
perfectly Gaussian-distributed surfaces with a single scale of roughness. The surfaces were fabricated by lithography,
which makes it possible to control the height statistics?8 To validate the Kirchhoff approximation, the surface-heights of
the surfaces were measured and analyzed. Next, the BRDFs of the surfaces were measured. Calculated directional
reflectances based on the surface statistics agreed well wills the measured reflectances. This success inspired more
experimental work to study surfaces fabricated with similar techniques?^"22 Although these “perfect” samples led to
good agreement between fee theory and the experimental results, Use applicability of the Kirchhoff approximation for
real-world surfaces was still not verified, since such surfaces may not have near-Gaussiart surface-height distributions or
may have multiple scales of roughness.

Experimental studies ofiighl scattering and surface-height statistics were also carried out for “less perfect” samples, such
as aluminized ground glass,23 magnesium oxide ceramic?8 fused polycrystallin® aluminum oxide,24 hand-lapped
stainless steel,25 diamond-turned brass/nickel,20 and epoxy coatings.32 The agreement between theory and measurement
was less satisfactory, compared with “perfect” surfaces. E. Marx and T. V. Vorburger25 studied the relation between the
surface-heights of hand-lapped stainless steel (measured with a stylus profilometer) and the angular distribution of light
scattering (measured with a laser scatterometer). A theoretical model, based on the scalar form of the Kirchhoff
approximation, was used to compute the scattering intensity with the height statistics; on the other hand, the model was
also fit to the measurements to obtain fee height statistics. Multiple scales of roughness were rarely considered, a fact feat
may partially explain the discrepancies between measured and calculated results.

One approach to describe the light scattering from rough surfaces with multiple roughness scales is to use composite
roughness models.28-38 Such models divide a rough surface into two independent components: a high-frequency
small-scale roughness riding on a low-frequency large-scale roughness. The Sight scattered by these two components is
treated separately by using either a perturbation or a Kirchhoff approach, depending on the height statistics. However, it is
impractical to directly use the composite models for computer graphics because of their complexity. Another approach is
to measure the surface-heights and to isolate the roughness scale (or the spatial bandwidth) that dominates scattering
behavior. E. Marx and T. V. Vbrburgcr28 realized the importance of the spatial bandwidth selection. They filtered their
surface-height data to attenuate spatial wavelengths > 50jum. The roughness statistics of the filtered data agreed better
with that inferred by fitting a BRDF model to the optical measurements. However, this filtering technique did not have a
theoretical basis.

The first purpose of the present paper is to provide measured data on light scattering with sufficient angular and spectral
coverage for computer graphics applications. Second, we want to examine the usefulness of the He-Tonrance model for
some real-world metallic surfaces. Third, a practical method is proposed to characterize such surfaces and to generate
input roughness parameters for the He-Torrance model. The revised surface-height statistics can help to predict the
angular distribution of scattered light for visual appearance simulations. For simplicity, we limit our effort to metallic
surfaces and the visible light spectrum.
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2. SURFACE PREPARATION AND CHARACTERIZATION
Five isotropic metallic surfaces were fabricated with three preparation methods, Surface-height measurements and a
composite roughness model are presented. Table 1 provides a list of the samples and some measured and inferred
roughness statistics.

XL Preparation of rough surfaces
We chose two substrate materials (steel and glass plates) and three methods of surface preparation: bead-blasting,
grinding, and etching. Our objective was to prepare uniform (less than ±10% non-unifonnity), large (larger than 100mm
x 100mm), and isotropic surfaces.

With bead-blasting, very small, perfectly round beads are propelled by high pressure air to remove/deform the top layer of
a surface. This is a numerous, random, and cumulative process resulting in a Gaussian surface. An industrial bead-blaster
was used (with glass beads of 0.25mm diameter). The air pressure was adjusted to fabricate surfaces with different
roughness heights. Surfaces BBQAL1 and BBQAL2 were processed with air at 690kPa and 138kPa, respectively. The
substrates of these test surfaces are Q-panels (R-46), a reference steel panel (100mm x 125mm) used for the paint and
manufacturing industries. More than 10 minutes of blasting guaranteed the randomness of the process.

Abrasive grinding usually results in non-Gaussian surfaces. Since the surface-heights generated by this process are
determined by the largest grinding grit, this process is random but not cumulative. We used a Buehler
Nelson-Zimmcr®2000 system to grind two pieces of 125mm x 125mm window glass. Grinding powders with two grit
sizes, 120grit and 240grit, were used to fabricate test samples GGAL120 and GGAL240, respectively. More than five
hours of grinding guaranteed the randomness and uniformity. A microscope was used to inspect the finished surfaces; the
ground glass surfaces look “jagged.”

The last method is etching, which may or may not result in a Gaussian surface. The uncertainty arises because the etching
process is influenced by the material’s microstructure. Therefore, etching is not completely random. The test sample,
NGGAL, is commercial, acid-etched, non-glare glass (125mm x 125mm).

A thin film of pure aluminum was deposited on each test surface with a CHA RAP-600 Thermal Evaporator. The film has
a thickness of approximately 50nm, so that no light energy transmitted through the film. Thus, subsurface light scattering
can be neglected.

2.2. Characterization of rough surfaces
A surface measurement instrument, a Tencor Alpha Step 500 Surface Profiler, was used to measure the surface-heights (or
profiles) of the test samples. This is a stylus-traversing instrument that provides z(x) height data with l-Angstrom (I A)
vertical arid 0.1 /rm horizontal resolutions. For each lest surface, nine measurements were taken in randomly chosen
regions and in random directions. Each height measurement consists of 4600 data points, which represents a 400/rm
traverse.

(I)

The height data were analyzed statistically. For a random rough surface, the vertical and horizontal height distributions
can be respectively described by the height probability distribution function (PDF) and the spatial autocorrelation function
(ACF). Though not normalized, the histogram of the height data can be used as the PDF. The ACF p(^) is given by:

y^ z($)Jda;

where L is the stylus traverse length. When both the PDF and the ACF conform to a Gaussian (normal) distribution, the
surface is said to be Gaussian. The PDF and ACF are qualitative descriptions; we need both to evaluate a departure from
Gaussian behavior. Quantitative measures of the PDF and ACF are respectively provided by the root mean square (RMS)
roughness height a and the horizontal autocorrelation length r. Both are e-folding lengths associated with exponentials.
The RMS roughness a can also be obtained from:

a ~ \ T f z(x)2,lx (2)

The stope of a rough surface is here taken as the ratio of the RMS roughness to the autocorrelation length, namely, a/r.
These quantities are used as inputs for the He-Torrance and many other BRDF models.
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2.3. Separatism of roaghness lessgth scales
Care is required in interpreting the foregoing statistical measures, as real-world surfaces may have a wide range of
roughness length scales. Among them, only a limited range (of spatial bandwidths) are relevant for computer graphics
applications; in particular, only those dominating the directional scattering of visible light.

Using computational studies of the light scattered from surfaces with multiple roughness length scales, Y. Yang and R. O.
Buckius31 determined that the roughness domain with the largest slope dominated the directional scattering distributions.
This provides the basis for our roughness model. We assume that our measured surface-heights can be divided into two
roughness components: a high-frequency small-scale component and a low-frequency large-scale component. For our
data, the high-frequency small-scale component turned out to have the highest slopes. We thus used a high-pass filter on
our measured roughness data for each surface to filter out the large-scale components. The lengths of the large-scale
components that were filtered out were about 2S~40pm, varying from surface to surface. The shortest filter, 25/xm, is
about 50 times the incident wavelength. Our filter length scales are close to the filter length used by E. Marx and T. V,
Vorburger (50pm).25

The foregoing is illustrated graphically in Figure 1, The results of one measurement of z(x) for the roughest ground-glass
surface, GGALI20, was divided into two components by filtering. Since the high-frequency small-scale component is
expected to dominate the scattered light directional distributions, we focus on the statistics of that component. The
low-frequency large-scale component will be neglected. Although this simplified approach will bring errors to the
statistical resuite, we believe that the error is acceptable for our applications.

For each test sample we did similar separations. We calculated the RMS roughness er and the autocorrelation length r for
the nine surface-height traverses, for both the raw height data and the high-frequency small-scale component (full results
are available in a report32). We calculated the average and the standard deviation of a to assess spatial uniformity. Results
for s, r and the slope &/r appear m Table I. For convenience later, we append subscripts to these symbols: r for the raw
height data (crrs rr, and m (for measured) for the small-scale roughness data (amf rm, We selected the
height measurements nearest the center of the surface to obtain the PDF and ACF graphs that are displayed later.
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Figure i. Separation of a mechanically-measured surface-
roughness height scan into high-frequency (small-scale} and
low-frequency (large-scale) components for the aluminized
ground glass surface GGAL i 20.

Figure 2. Comparison of directly-measured (OL750)
and BRDF-inlegrated (goniorefiectometer) directional-
hemispherical reflectances for aluminized bead-blasted steel
surface BBQAL2 (smoothest steel, slope (»/r)OT — 0,684).
0, = 10°.
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3. REFLECTANCE MEASUREMENTS
We measured BRDFs with a gonioreflectometer and directional-hemispherical reflectances with an Optronics OL-750
diffuse reflectometer. To illustrate measured results, we will use Figures 2 (on previous page), 5 and 6 (appearing later)
which correspond to the smoothest bead-blasted steel substrate BBQAL2.

3.1. Measuring BRDF
The BRDF is the ratio of the radiance reflected from a surface in the direction (f)r, d»r) to the irradiance onto the surface
from the direction

HU <h\ dLT(0i,4>ii&r^r) ,,

where 0t and $8 are the zenith and azimuthal angles of the irradiance, and and are the zenith and azimuthal angles of
the reflected radiance. (The coordinate system is shown in Appendix A.) For an isotropic surface, only three angles are
needed. The reflected radiance dLr and irradiance dEi have units of W/m2sr and W/m2, respectively.

An automated, three-axis BRDF measurement instrument, called a gonioreflectometer, was built in the Optical
Measurement Laboratory at the Cornell Program of Computer Graphics.33"33 The gonioreflectometer performs rapid
measurements of the BRDF of flat, isotropic sample surfaces over the visible spectrum and over most of the incident and
reflection hemispheres. Special design was applied to enable BRDF measurements at grazing angles up to and slightly
above 85°. The spectroradiometric detector takes 31 convolved wavelength samples covering the visible spectrum
(400nm-700nm) in one snapshot. For the measurements on our rough metallic surfaces, the BRDF values were obtained
by a relative method, which compared the reflected signal from our test surfaces with that from a reference surface
(Spectralon) with a known BRDF.

The flexible sampling mechanism of the gonioreflectometer enables us to sample the BRDFs in the plane of incidence, as
well over the entire reflection hemisphere. Figure 5 shows BRDF measurements (the data points) in the plane of incidence
for various illumination angles fy. We also measured the BRDFs at uniformly-distributed sampling positions over the
reflection hemisphere. For an incident direction of 10® and a wavelength of 550nm, the BRDF in the reflection
hemisphere is shown in Figure 6 (upper row). The vertical axis is the BRDF; the left and right orthogonal axes map the
spherical coordinates above a surface. The plane of incidence goes through the peaks of the curves. The points are plotted
in a uniform parameterization of the hemisphere such that each grid element in the plot represents a region of the
hemisphere with the same solid angle.36

3.2. Measuring directionaLhemispherical reflectance
The directional-hemispherical reflectance p^8 is the ratio of the radiant power dEr reflected to the hemisphere to the
radiant power rf£8 incident onto a surface, both in W/m2,

The OL-750 system directly measures p^ for flat surfaces at an incidence angle of 10® with a rated error of less than 1%.
On the other hand, the BRDFs measured by the gonioreflectometer at an incident direction of 10® were numerically
integrated over the reflection hemisphere to obtain p^. Figure 2 shows a comparison of the integrated and
directly-measured for the smoothest steel surface BBQAL2. (Note: bath instruments used Spectralon as their
common reference surface.) In Figure 2, over the entire visible spectrum, the directional-hemispherical reflectance
obtained from the integrated BRDF measurements is within 2% of the comparison values obtained, by direct
measurement. The only exception is at short wavelengths, below 420nm. Hie comparison suggests that the BRDF
measurements are accurate in both magnitude and spectrum, with less than 2% integrated error.

For al! the test surfaces, we measured the BRDFs in the plane of Incidence and over the reflection hemisphere.32 Limited
by space, only representative results are shown later. With the OL-750 measurement data, we confirmed that the
integrated accuracy of the BRDF measurements is generally within 2%. For computer graphics applications, the
measurements provide sufficient accuracy as well as ample angular and spectral coverage.
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Table 1. Measured and test-fit height statistics
Sample Description Raw height date Small-scale roughness da® Best fit results

(//m)
rr

(/toJ) (pm) (/rm)
&/T)m Surface non­

uniformity
(+/-)

Uniform
diffuse
term a&

BBQALI Aluminized
Brad-blasted
Steel

2.58 27.2 0,095 0.72 5.6 0,129 3.9% 0.119 0.70

BBQAL2 Aluminized
Brad-blasted
Steel

1.24 30.5 0.041 0.54 6.5 0.084 6.8% 0,080 0.37

GGAL12S Aluminized
Ground Glass.
l20grit

2.66 41.6 0.064 0.86 5.6 0.154 4.5% 0.166 6.44

GGAL24O Aluminized
Ground Glass,
240grit

1.63 24.0 0.068 0.61 4,7 0J3fi 4,1% ejs8 0,44

NGGAL Aluminized
Acid-etched
Glass

0.21 11.7 6,018 0,13 5.4 0.024 5.3% 0,023 0.00

4. RELATING SURFACE-HEIGHT STATISTICS TO THE ANGULAR DISTRIBUTION OF
SCATTERED LIGHT

The relation between surface-height statistics and the angular distribution of light reflected from a surface Scads to inverse
and direct scattering problems. The inverse problem is to fit a model (In this case, the He-Torrancc model) to the BRDF
measurements to obtain the surface-height statistics; the direct problem is to predict the BRDF of a surface from a
measured set of surface-height statistics by using a BRDF model (here, ate the He-Torrance model).

We start with the inverse problem. For a metallic surface, the He-Torrance model2 contains five parameters: wavelength
A, RMS roughness a, autocorrelation length r, index of refraction »(A), and a uniform-diffuse term e(A) (which allows
for multiple surface scattering and/or subsurface scattering). Two of these parameters will either be independently
specified (A) or found from tables (n(A)).37 For the roughness range of our metallic surfaces, the BRDF is determined
predominantly by the roughness slope parameter o/r. Thus, we need to find only foe values of the slope (<r/r) and the
uniform-diffuse (a(A)) parameters to achieve a fit. When a best fit has been found, we append lite subscript b to these
parameters: (<?/?)&, «& (seeTable I).

We used the nonlinear optimization function in Matlab which varies model parameters to minimize the fitting error
between model and measured data. We used an energy-weighted root mean square fitting error:

Rising y jy 2Z {[/»•,x COSt?r| (4)

The functions Jr (model and measured) depend on four independent variables (A; 0r, 4>r) which span the measurement
space. For simplicity, we elected to fit only al the midpoint of the visible spectrum (A ~ 550nm). The cosine term in
Equation 4 gives smaller weights to BRDF values at large grazing angles of reflection, where lite absolute BRDF values
can be several orders of magnitude larger than those in other parts of the reflection hemisphere. Otherwise, the
large-magnitude differences in the BRDF values can bias a fitting. The fitting method appears to be robust and was
independent, of the initial values.

The direct problem is solved by employing the surface height statistics, specifically (rr/r)TO found by mechanical
measurement in Section 2, as an input to the BRDF model; also required as an input is the uniform-diffuse parameter
«(A), for which wc use the asymptotic values found (at -tfr) in the incidence-plane BRDF measurements (those values
are within 10% of the a* reported in Tabic I). Of course, there are intrinsic errors in the statistics measurements and also 
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variations over the surface due to surface nori-uniformities. We allow for this and later provide upper and lower bounds
for directly-calculated BRDFs from the He-Torrance model.

It is generally complicated to do rigorous data fitting for a nonlinear function like the BRDF. However, for our
applications in computer graphics we may be able to relax some of those concerns, due to limitations in human vision,
cameras, and display devices, such as polarization insensitivity and limited dynamic range. As a result, some effects like
narrow retro-reflections and de-polarization can often be neglected; and the relative errors in BRDF predictions al very
low or very high absolute magnitudes may not be perceptible to the eye. However, human vision is sensitive to surface
glossiness, which affects the lateral shape and angular positions of the reflectance lobe, so these features should be
accurately predicted by a reflectance model.

5. EXPERIMENTAL RESULTS
Results for the aluminized bead-blasted steel panels, the aluminized ground glass, and the aluminized acid-etched glass.
are given in the following sections. Since the reflecting metal, aluminum, has an almost flat reflectance spectrum over the'
visible region, we present results only for a single wavelength, A = 550am.

5.1. Bead-blasted steel pastels with alttminnm ceathsg
For the two bead-blasted steel surfaces, BBQALl (roughest) and BBQAL2 (smoothest), the normalized height histograms
and the autocorrelation functions (ACF) for the high-frequency small-scale component of the roughness are shown in
Figure 3. The solid lines are the fits of Gaussian curves. For the histograms, the curves agree moderately well with the
data, suggesting that the high-frequency small-scale component of the roughness is nearly Gaussian. For the
autocorrelation functions ACF, the fitted curves agree very well with the data. Considering the random characteristics of
the bead-blasting process, these results are expected.

Reflectance measurements for the two bead-blasted steel surfaces, BBQAL1 and BBQAL2, are presented in Figures 4 to
8; of these. Figures 4,5.7, and 8 are incidence-plane BRDFs, whereas Figure 6 displays BRDFs in the hemisphere. In foe
incidence-plane figures, foe curves are results from the model. In Figures 4 and 5, the curves are foe best-fit curves
yielding bestfit slopes (cr/rjs,; in Figures 7 and 8, foe same measured data arc shown, but foe curves arc calculated using
the measured slopes for foe small-scale roughness. The upper/lower bounds were found by respectively varying
foe input slopes (n/r)m by foe -/+ amounts corresponding to the measured percentage non-uniformity in the roughness
of foe surface (see Table I).

Results for the roughest and smoothest bead-blasted metal surfaces are shown, respectively, in Figures 4 and 5. The
roughness to wavelength ratios are of order one, so a wave optics model is appropriate. Note the good agreement between
measurements and foe model. A similar comparison over foe reflection hemisphere is shown in Figure 6 for the smoother
surface.

For small angles of incidence (10s and 30s), the measurements shown in Figures 4 and 5 arc Gaussian-like curves with
maxima near or just beyond foe specular angle. For 60® incidence, off-speetdar maxima are apparent. Best-fit slope values
for Figures 4 and 5 are (rr/rlj, ~ 0.119 and 0,080, respectively. On the other hand, the measured slope values for foe
small-scale roughness are (<r/r)j = 0.129 and 0.084, respectively; foe former is 8% high and the latter is 5% high. If we
compare to measured slope values from the raw height data, we have slope values of = 0.095 and 0.041,
respectively, which are 12% and 49% too tow as compared to the best-fit values. The raw data values reflect foe influence
of the gentler stopes of the large-scale roughness components. The closer agreement of the best-fit (n/r)j and
mechanically-measured small-scale roughness slopes illustrates foe importance of doing a roughness length-scale
separation when trying to use mechanical roughness measurements as input to a model.

We also present a sensitivity study for the bead-blasted steel surfaces in Figures 7 and 8. The same measured BRDF data
from Figures 4 and 5 are shown, but foe curves are calculated from the reflection mode! using slope values (s/r)m that
bound foe variability in the measured small-scale roughness slopes (cr/r)m. In Figure 4, the model results fall below the
measurements, whereas in Figure 5, the upper/lower model results tend to bracket foe measurements.

The He-Torrance wave-optics model thus appears to work very well for foe bead-blasted steel surfaces; this follows
because the height distributions and autocorrelation functions are close to Gaussian. Moreover, foe separation of
roughness length scales appears io be very useful.
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5.2. Ground glass with ataioiim coating
For the two ground glass surfaces, GGAL 120 (roughest) and GGAL240 (smoothest), the histograms and the
autocorrelation functions (ACF) for the high frequency small-scale component of lite roughness are shown in Figure 9.
The fitted Gaussian curves agree moderately well suggesting that the high-frequency small-scale roughness components
are nearly Gaussian. However, the grinding process itself implies that the roughness should not be Gaussian. To explain
this, the height histogram and ACF for the row height data of surface GGAL 120 are shown in Figure 10. The associated
histogram is nearly Gaussian but slightly skewed to the right toward higher heights, consistent with a grinding process
that removes more peaks than valleys. On the other hand, the associated autocorrelation function is rather more
exponentially distributed than Gaussian. This is consistent with the “jagged” appearance observed under a microscope.
The statistical data imply that the ground glass surfaces contain a high-frequency, small-scale Gaussian roughness
component (statistics in Figure 9) superposed on a low-frequency large-scale “jagged” roughness component. The
small-scale, high-stope roughness is expected to dominate the light scattering.

The last statement is consistent with the following observation: For the two ground glass surfaces, the measured BRDF
distributions turn out to be surprisingly similar,35 differing by only a few percent. The similarity suggests that the
small-scale, high-slope structures of the two surfaces are quite similar. That is confirmed by the data fitting, since nearly
equal best-fit slopes are inferred. The large-scale roughness of the two surfaces, though quite different (i.e., sr ~ 2.66/tm
vs. 1.63/tm, Table 1), has little influence on the angular distribution of the scattered light. On the other hand, the
small-scale roughness heights are less different = 0.86/rm vs. 0.61/ms, Table 1) as are the measured small-scale
roughness slopes (rr/r)m ™ 0.154 vs, 0.130, Table 1). The best-fit results for the stopes of the two surfaces from the
wave-optics BRDF model (i.e., (a/r)b = 0.166 vs, 0.158, Table 1) differ by about 5%, and are reasonably close to those
for the small-scale roughness slopes. Inasmuch as the measured BRDF distributions for the two surfaces are virtually
identical, we display results only for one surface, the roughest aluminized ground glass surface, GGAL120.

Incidence-plane BRDF measurements and data fitting results for the roughest ground glass surface are shown in
Figure 11. A similar comparison over the reflection hemisphere is shown in Figure 12. A sensitivity study using the
variation in the measured small-scale roughness slope (o/r)m is shown in Figure 13.

The BRDFs in Figures 11 to 13 show Gaussian-like curves only for 10° incidence. An ofl-spccular peak is apparent for
larger angles of incidence. The fittings of toe He-Torrance model are generally good except that the model overestimates
the magnitude of the ofi-specular peaks at incidence angles of 60“ and higher. The errors are most likely due to the
shadowing/masking term in the model. A better shadowing/masking factor could reduce those errors. The “jagged”
large-scale roughness only makes the effects more apparent Use best-fit stope value is about 8% higher than the
measured value. For completeness, the effects of surface non-uniformity may be inferred from Figure 13, where it is clear
that the measured slopes (a/r)m yield BRDF predictions that fall somewhat above toe best-fit predictions.

lite Hc-Torrancc model has a relatively good perfomtance for toe ground-glass surfaces. Although the fitting results are
not as satisfactory as those for the bead-blasted surfaces, toe model predicts the off-specular peaks with moderate
magnitude errors.

5.3. Add-etched glass with aluminum coating
Hie aluminized acid-etched glass is much smoother than toe other test surfaces (Table I). On the other hand, the surface
is suificiently rough so that no visible mirror reflection can be observed except al high grazing angles of incidence. The
small-scale roughness is very close to Gaussian, as shown in Figure 14. Therefore, good comparisons with toe
He-Torrance model are expected.

Incidence-plane BRDF measurements and data fitting are show’s in Figure 15. Note the tog ordinate; there is virtually no
diffusely scattered fight. Also, no off-specular peak is observed due to toe gentle slope of the surface-heights. The fittings
of the data to the He-Torrance model are very good, except that toe model slightly underestimates the maximum
reflectance in the specular direction for large angles of incidence (more than 60°). The slope value obtained from the date
fitting is ~ 0.023, essentially the same as the measured value of (a/r)m - 0.024 (for the small-scale roughness
component). By doing a sensitivity study (not shown), and varying the mechanically-measured slope ((o/r)m - 0.024)
by toe observed surface non-uniformity (of •/+ 5.3%), the corresponding upper and lower bounds essentially bracket the
measured data in Figure 15. The emergence of peaks is very sensitive to toe slope values.
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The He-Torrance model works well for this acid-etched glass surface. The positions and the lateral shapes of the
reflection lobes are accurate. The underestimation of the maximum BRDF values is acceptable for our applications due to
the limited dynamic ranges of human vision and display devices. Our surface characterization method is less necessary in
this case. Although the measured stope is close to the best-fit result the improvement is not significant. The height
statistics suggest that this surface has only a single scale of roughness.

6. CONCLUSION
In this work, we experimentally study the relation between the surface-height statistics and the angular distribution of
first-surface light scattering from several rough metal surfaces. The surface-heights were measured with a surface
profilometer; the BRDFs of the surfaces were measured with a goniorcflcctometer.

An analytical model based on the Kirchhoff approximation, the He-Torrance model,3 was fit to the measured BRDFs of
the rough metal surfaces. The fittings show that the model is able.to describe the first-surface scattering of rough metallic
surfaces that have multiple scales of roughness and ncar-Gaussian surface-height distributions, with an accuracy
appropriate for computer graphics applications. The good agreement between the modes and measurements implies that
only one scale of roughness dominates the light scattering behavior.

The light scattering distributions are primarily attributable to the surface-roughness components with the steepest
slopes?2 We propose a composite roughness model, and with a filter, we extract the steepest-slope components from the
surface profilometer measurements. Using the statistics of that component (Le., the roughness slope (<r/r)m) as input to
the He-Torrance model, satisfactory agreement with the measured BRDFs was observed for our rough metal surfaces. The
approach provides computer graphics practitioners with a practical method to obtain the input roughness data for use with
a physical-optics-based Sight reflection model.
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Appendix A: He-Torranee BRDF model

Figure At; Coordinate system

The He-Torrance BRDF model is based on the vector form of the
Kirchhoff approximation, applies for arbitrarily-polarized incident light,
and describes specular, directionally diffuse, and uniformly diffuse
scattering with three terms?' The angular distribution of scattered light
depends on wavelength, incident and reflection angles, two roughness
parameters, and the index of refraction. The coordinate system is shown
in Figure A1, where A is the area of the mean plane of the surface; k is
the unit vector in the wave direction; and s and p are the s and p
polarization unit vectors. In computer graphics we are most interested in
the BRDF for unpolarized incident light. Forthat case, the BRDF
equations greatly simplify and are presented here.

Assumptions of the model:

« Local radius of curvature of the surface is large compared to the illuminating wavelength;

® The surface-height and autocorrelation function are Gaussian distributed;

® A single roughness length scale;

® Plane, uniform, and isotropic surfaces.

The BRDF will be denoted here by the symbol p^- Equations for the BRDF:

Pm ” Fm (A,rr0,r,n(X),n(A)) ~ + Pbd.dd + Pbd.ud

The specular reflection term:

/'<- = |Fp-e“»-S

A, - / 8 ifin specular cone
~ | 0 otherwise

1^1 = ~(F/ + ^W(^A.ri(A))

[ ‘2xcr 12
y ~ (con Si 4- cos 0r)

r-U2 

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)
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where p, is She specular reflectivity, \F2\ is the Fresnel reflectivity for unpolarized Sight evaluated at the bisecting angle
given by cos" * - jj,j /2^ , A is a delta function, n is the index of refraction, er is the apparent RMS roughness, a® is

the RMS roughness, and r is the autocorrelation length.

The directional diffuse term:

G =

S =

5(d,) ' =

S(&r) =

A(cotd) =

D =

Ki -

v =

Sj

6r —

E21 G-s-D
V COS &i COS 8? ’

(5""”) • ]----- ----- 0 • • *■)’ + ' M’ +
\2” v* / kxiJ 1 J 1

/ T
— tan (?,. • erfc ( ~— cot 0,

\2ffn

-- -------- > & = X k,
^xn|
K x h . .

----- pr = jrx|,',
X n|

1 J 2 ffo
2 i TfV2 TCOtl? eS^

S(t?i)-S(dr)
(l~~erfc(I^f) /(A(eot0i)+1)

(1 A ts t t1 „ j /(A(cot0r) + J)

tan Si • erfc f ~— cot I?.-
\2<rn

~~ ~ ~ vsi. + vvy + vsz, vxt/

k, x n

“ 9’nt~s [ V^T3

>'LX;’exp ~~sr

where G is a geometrical factor, S is the shadowing/masksng factor,’ ’ and D is a distribution function for the
directional-diffuse reflection term.

(B)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

The uniformly diffuse term:

— rr(A):

where a is constant (i.e. Lambertian), varying only with wavelength.

(24)

ProfcofSPIE 5B780V-12

SIONYX1403000019.0019

SAMSUNG EX. 1002 - 1634/4148



BBQALi BBQAL2 ft”24T ft'40' ft<=70’

2-2 2 Measuremrat Data

Mt u0J29 (|) » 0.084

c

Data Fitting to HMorrancc Mode!0 TiS’ 15

ft 4o‘ ft=®‘

ft=>X
ft«!0>

5 5
ft r«r

ia 4

■ ft=&T

2 2 fte30':l

Proc, of SPIE 58780V-13

0 0
®tal

S3
S3

Figure S. incidence plane comparison of measured and predicted
BRDFs for surface 0BQAL2; A = SSOnm. in this figure, the pre*
dieted BRDFs used the mechanically-measured stopes (»/t)to =
0.084 -/+ 0,8% as input.

Figure 6. Comparison of measured BRPF {tipper row) and best-
fit mode! results (Sower row) for surface BBQAL2 over fee entire
reflection hemisphere; A — SSSsun

Figure 3. Small-scale roughness statistics for surfaces BBQALi
and BBQAL2.

•rfpm)

Figure 7. incidence plane comparison of measured and predicted
BRDFs for surface BBQAL1; A ~ MOnm. The predicted BRDF
used the mcchanicaliy-meassired slopes (o/r),„ - 0.129 -/+
3.9% as inputs.
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Figure 4. incidence plane comparison of measured BRDF (sym­
bols) and mode! results (curves) for surface BFJQALi, A ~
550nm. The measured stope was ~ 0.329; the best-fit
BRDF mode! stope is {o/r}>> = 0,119.
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Figure S. Incidence plane comparison of measured BRDF (sym­
bols) and model results (curves) for surface BBQAL2, A =
550nm. The measured slope was (<r/r)m = 0.084; the best-fit
BRDF mode! slope is (a/r)i, = 0,080,
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Figure 9, Small-scale roughness statistics for surfaces GGAL120
and GGAL240. The curves are Gaussian distributions.
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Figure 10. Aggregate roughness statistics for aluminized ground
glass GGALI20 (measured stope (<r/r)m = 0.154). The raw
data were later separated into small-scale (Figure 9) and large-scale
roughness components. The solid lines are Gaussian distributions;
the dashed line is an exponential distribution.
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Figure 12. Comparison of measured BRDFs (upper row) and
data fitting results (lower row) for surface GGAL12S ((ct/t)ot —
0454), over the entire reflection hemisphere, for several incidence
angles ft; A = 550nm. The best-fit model slope is (<r/A)s —
0.166.
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Figure 11. Incidence plane comparison of measured BRDFs (sym­
bols) and best-fit model results (curves) for aluminized ground
glass GGAL320 for several incidence angles ft; A — 55fttm. The
measured slope was (s/r)m se 0,154; the best-fit BRDF model
stope is — 0.166.

Figure 13. Incidence plane comparison of measured and predicted
BRDFs for aluminized ground glass GGAL120 for three incidence
angles ft; A ~ 550nm. In this figure, the predicted BRDFs used
the mechanically-measured siopes (jr/r)m — fl. 154 -/+ 4.5% as
inputs.
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Figure M. Small-scale roughness simistics for aluminized acid-
etched glass NGGAL (measured slope = 0.024). The
curves are Gaussian disiriburions.
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Figure 15, Incidence plane comparison of measured BRDFs (sym­
bols) and besi-fit model resulis (curves) for surface NGGAL for
five incidence angles ~ OOOnm. Nole teg scale. The mea­
sured slope was (sf/rjtn = 0.024; ihc besi-fil BRDF model slope
is (cr/rje, = 0.023.
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Optimization of Random Diffraction Gratings in
Thin-Film Solar Cells Using Genetic Algorithms

Albert Lin and Jamie D. Phillips

ZnG
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Schematic of (a) thin-film sofa? cell structure with textured surfaces, and (b) plot of
quantum efficiency versus wavelength comparing planar solar cells to cells with periodic
diffraction gratings and optimized gratings with randomized texture.

Thin-film solar cells are an emerging technology with potential for a low-cost
renewable energy source. The primary limitation for these solar cells is the rela­
tively low-conversion efficiency (approximately 15%). Due to its thin-film nature,
the absorbance in these solar cells is weak at longer wavelengths where the absorp­
tion coefficient is low. To increase the conversion efficiency, back reflectors may
be used in the solar cell structure. Many approaches have been implemented for
these reflectors., including randomly textured surfaces and lithographically defined
periodic gratings. The optimization of these gratings is a difficult task due to the
broad solar spectrum. In this work, we examine the optimization of periodic
gratings and textured surfaces for thin-film solar cells using Genetic Algorithms
(GA). The optical absorption profile is calculated in the 400rma-~1000nm wave­
length range to determine the integrated quantum efficiency for the solar cell.
Solar cells with optimized multi-level rectangular gratings exhibit a 23% improve­
ment over planar cells, where cells with an optimized textured surface exhibit a
29% improvement over planar cells. The enhanced solar cell efficiencies for multi­
level rectangular and arbitrary gratings are attributed to improved optical coupling
and light trapping across the broad band solar spectrum.
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Abstract #1614, 218th ECS Meeting, © 2010 The Electrochemical Society

Light trapping in thin-film silicon solar cells for superstrate and substrate configurations

By: Darin Madzharov, Rahul Dewan, and Dietmar Knipp

Electronic Devices and Nanophotonics Laboratory,
Jacobs University Bremen, Bremen, Germany

The optics of microcrystalline silicon thin-film solar
cells with integrated light trapping structures was
investigated. Since the solar cell is very thin, with typical
absorber thicknesses of a couple of micrometers, efficient
light management concepts are needed to increase the
absorption of the incoming light [1-2], In this study,
periodic grating couplers were integrated in
microcrystalline silicon thin-film solar cells for substrate
and superstrate configuration. The influence of the device
structure and grating dimensions on the quantum
efficiencies and short circuit current were studied.

(a) .

1 = 70.0 nm
Periods 700. nm

Fig. 1: Power loss profile of microcrystalline solar cells
with integrated grating coupler of period 700 nm and
groove height 200 nm in (a, b) superstrate (p-i-n) and (c,
d) substrate (n-i-p) configuration under monochromatic
illumination of wavelength 700 nm.

solar cell on a smooth substrate (without a diffraction
grating) is dominated by the constructive and destructive
interference of the forward and backward propagating
wave. Due to the low absorption coefficient of silicon for
longer wavelengths, a large fraction of the light is
reflected by the back contact leading to the formation of a
standing wave in the solar cell. Introducing nano textured
interfaces in the solar cells lead to enhanced scattering
and diffraction of light in the device, so that the short
circuit current and quantum efficiency in the red and
infrared part of the optical spectrum are distinctly
increased [3-5], The short circuit current of solar cells on
smooth substrates is used as a reference to investigate the
effect of the gratings on the optical properties of the solar
cell. Introduction of a groove in the solar cell leads to
higher short circuit currents irrespective of the period size
and the groove height of the grating. The blue part of the
spectral response is almost not affected by the grating,
whereas the grating results in an increase of the short
circuit current in the red and the infrared part of the
optical spectra. The highest short circuit current for solar
cells in superstrate configuration is observed for a period
of 700 ran and groove height of 300 nm, while the
maxima of the short circuit current of solar cells in
substrate configuration is observed for a groove height of
200 nm. Compared to the 12.3 mA/cm2 short circuit
current for solar cell on a smooth substrate,
microcrystalline thin-film solar cells with 1 pm absorber
thickness exhibit an increase of the short circuit current
by 4.5 mA/cm2 in superstrate configuration, whereas cells
in substrate configuration exhibit an increase of 5
mA/cm2. The different device designs will be compared
in terms of the short circuit current and the quantum
efficiency.

REFERENCES

1. J. Muller, B. Rech, J. Springer, M. Vanececk, Sol.
Energy Vol. 77, pp. 917-930 (2004).

2. K. Yamamoto, M. Yoshimi, Y. Tawada, Y. Okamoto,
A. Nakajima, S. Igari, Appl. Phys. A Vol. 69, pp. 179-
185 (1999).

3. W. Beyer, J. Hiipkes, H. Stiebig, Thin Solid Films Vol.
516, pp. 147-154(2007).

4. C. Rockstuhl, S. Fahr, F. Lederer, K. Bittkau, T.
Beckers, R. Carius, Appl. Phys. Lett. Vol. 93, pp.
061105(2008).

5. R. Dewan, D. Knipp , J. Appl. Phys. Vol. 106, No. 7,
pp. 074901 (2009).

SIONYX1403000019.0034

SAMSUNG EX. 1002 - 1649/4148



*Nw Closer to the Heart'"

...... - i
■.-■ Abotrt*Masim&.>

MasimoRainbow=SET
Pulse C0M9xirhetry

MasimoSET
Pulse. Oximetry

General. Floor Mentoring

OEM Prieto
& Solutions

Clinical Validation

<News

Investor Information

■.Careers

Contact Us

guarantee

Technology Overview Radical-7™ Rad-87™ Rad-57™ Sensors & Cables

http://www.masimo.com/Rainbow/abouthtm (1 of 5) [4/6/2010 2:34:54 PM]

SIONYX1403000019.0035

SAMSUNG EX. 1002 - 1650/4148

http://www.masimo.com/Rainbow/abouthtm


F*.

Masimo Rainbow® SET Pulse CO-Oximetry

http://www.masimo.com/Rainbow/abouthtm (2 of 5) [4/6/2010 2:34:54 PM]

Masimo Rainbow SET is the first and only technology to noninvasively measure blood constituents and fluid responsiveness that previously ■
required invasive procedures.

Discovery ,
leads to Innovation

Making a breakthrough discovery only leads to continued innovation
when it changes the way you took at things. At Masimo, developing
the worlds first measure-through motion and tow perfusion pulse
oximetry allowed us to approach the challenge of developing other
noninvaslve physiological measurements withmit being constrained
by prior conceptions of whatis or is not ppssibifein ZOOS, after
more than 10 years of research, we laurKhe&MasImo Rainbow SET
Pulse CO-Oximetry, the firstyand only technoiogy„to noninvasively,
continuouslyand immediately measure blood'constrtuentsafid

fluid responaveness'that prevfousiy’re'quired invasive procedures
and time-consurfiTQg laboratory analysis Masimd'Rainbow SET

builds on the gold standard Masimo SET pulse oximetry technology
to give clinicians an unprecedented level of real-time information to
make more informed and timely clinical decisions.
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Masimo Rainbow SET Measurements:

. Hemoglobin (SpHb™)

. Oxygen Content (SpOC™)

. Carboxyhemoglobin (SpCO®)

. Methemoglobin (SpMet®)

. PVI®

. Plus: Masimo SET measurements of Oxygen Saturation (SpO2), Pulse Rate (PR), Perfusion Index (PI)

Based on the solid foundation of Masimo SET technology:

. Innovative noninvasive sensor technology uses more than 7 wavelengths of light to acquire blood constituent data based on light
absorption

. Advanced signal processing algorithms and unique adaptive filters work together to isolate, identify and quantify various hemoglobin
species

. Blood measurement results are then displayed numerically

to r

mstem og tabin

WBVSJCngui yEmJ

Oxygenated Hb and reduced Hb absorb different amounts of Red (RD) and Infrared (IR) Light
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Ultrabroadband Mirror Using Low-Index
Cladded Subwavelength Grating

Carlos F. R. Mateus, Student Member, IEEE, Michael C. Y. Huang, Student Member, IEEE, Yunfei Deng,
Andrew R. Neureudier, Fellow, IEEE, and Connie J. Chang-Hasnain, Fellow, IEEE

Abstract—We report a novel subwavelength grating that has a
very broad reflection spectrum and very high reflectivity. The de­
sign is scalable for different wawfengths. It facilitates monolithic
sntegratiois of optodertrorue devices at a wide range of wavelengths
from visible to far tafrared,

Index Terms—Infrared Imaging senses*, infrared surveillance,
mirror, optical camsninicatinn, optical snicroelertro-mechaaicri
(MEM), optical sensors, recanfigurabte architecture, tenable
filters, taaabfe optodectronic devices.

I. Introduction

BROADBAND mtrrora (AA/A > 15%) with very high re­
flectivity (R > 99%) are essential for numerous applica­

tions, including telecommunicatioiis, surveillance, sensors, and
imaging. ranging from 0.7-12-pm wavelength regimes. Metal
mirrors have larger reflection bandwidths but lower reflectiv­
ities (R), limited by absorption loss. As a result, they are not
suitable for fabricating transmission-type optical devices such
as etalon filters. Dielectric mirrors have a low loss and, thus, can
achieve a higher reflectivity. However, the deposition methods
are often not precise enough to lead to very high reflectivi­
ties. Furthermore, the typical material combinations often have
a rather small bandwidth, limited by the refractive index dif­
ference of the materials used. For tunable etalon type devices,
such as microelectro-mechanical (MEM) vertical cavity surface
emitting lasers (VCSEL), filters [1], and detectors [2], the tuning
range is often limited by semiconductor-based distributed Bragg
reflectors (DBRs) to AA/A ss 3% to 9%. The challenge of de­
signing a mirror with broadband reflection, low loss and com­
patibility with optoelectronic processing has not been overcome
yet.

Subwavelength gratings have been used either to create
structures with either sharp highly reflective peaks at resonance
wavelengths [3], [4] or broad arstireflective bands [5]. The final
spectral characteristic of the grating can be further tailored by
the materials used and parameters chosen.

In this letter, we report a novel subwavelength grating that
has a very broad reflection spectrum and very high reflectivity.
Two examples are shown for R > 99% with AA/A > 30%
and R > 95% with AA/A rs 50%. The design is scalable for

Manuscript received My 22,2003; revised Gctota- 4, 20(13, Tfiis was
ssijsported in part by tbs Defense Advanced Research Projects Agency Center
for Bio-Opteefatromc Sensor Systems {BOSS) under Grant MI3A97200!(!020
and in part by the CAPES Foundation and Brazilian Air Command,

The authors are with the Department of Electrical Engineering and Com­
puter Sciences, University of California. Berkeley, CA. 94720 USA (s-sssaii:
njateus@photonics.eecs.berisefey.edu).

Digital Object Identifier 10.! iO9/LPT.2m3.821258

A

'-.'J-'

high index materia! toft)

Fig. 1. SetaBS of the wbwaveiersglh grating reflector. The low index materia!
trader the grating is essential for the broadband minor effect.

different wavelengths. It facilitates monolithic integration of op­
toelectronic devices at a wide range of wavelengths from visible
to far infrared.

II. Subwaveleng™ Grating as Broadband Reflector

The proposed structure has a large refractive index differ­
ence among materials, resulting in a very broadband reflector.
Fig. 1 shows the scheme of such a mirror that consists of lines
of high/low index material surrounded by two low index layers.
The larger the difference between high and low indexes is, the
larger the reflection band. The low index layer under the grating
is critical for the mirror effect. Design parameters for the struc­
ture include the materials involved (index of refraction), thick­
ness of the low index layer under the grating (f&), grating period
(A), grating thickness (t3), and fill factor. Fill factor is defined
as the ratio of the width of the high index material to A.

Fig. 2 shows reflected power for light polarized perpen­
dicular to the grating lines. The simulation was based on
rigorous coupled wave analysis (RCWA) [6] and confirmed
by finite-difference time-domain electromagnetic propaga­
tion using TEMPEST [7]. The two methods are in excellent
agreement. A very broadband mirror AA/A > 30%, with
R > 0.99, was obtained around 1.35 /.tm, over the range
1.33-1.80 pm, as depicted by Fig. 2(a). The mirror is also very
broad for R > 0.999 (1.40-1.67 or AA/A > 17%).
The parameters used in the simulation were: Si sub­
strate (n ~ 3.43), A “ 0.7 ;rm, ns, = 3.48 (Poly-Si.),
low index material in and above die grating = 1 (air),
nL — 1.47 (SiOz), tg = 0.46 |im, and fill factor = 0.75.
The index of refraction was considered constant along the
covered range, which is a very good approximation, since most
semiconductor materials such as Si, GaAs, and ZrtSe have
index of refraction practically independent of wavelength in
the considered ranges.

It is interesting to note that the broadband reflectivity does
not result from a resonance, as the period of the grating is sub­
wavelength but not half-wavelength. Furthermore, the rcflec-
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tivity spectrum can be scaled with wavelength, as shown in
Fig. 2(b). By simply multiplying She dimensions by a constant,
in this case 6.5, while keeping the other parameters, the reflec­
tion band shifts to the 8.6-11.7-pm wavelength range with all
features and values being identical. Hence, any different wave­
length regime can use the same design. Note that the same con­
stant has also multiplied the horizontal scale in order to make
the comparison easier. Although it may be obvious that any peri­
odic structure should be wavelength scalable, the scaling here is
easily manufacturable, since it only requires changing the layer
dimensions. Physical origins of the broadband reflection phe­
nomenon are under investigation.

The low index material layer under the grating is essential to
obtain the high broadband reflection. This is shown in Fig. 3,
which consists of contour plots of reflectivity as a function of
wavelength, ir. and n&. Keeping all the other parameters the
same, there is no reflection band for < 0.1 jam. Above this
thickness, the structure has low sensitivity to the low index layer,
but this parameter can be used to optimize the reflection band.
The minor also does not exist if nt, > 2.5. If SijN4 (n « 2)
is used instead of SiOj, the result would be a much smaller
reflection band, ranging from 1.7-1.8 pm.

HI. Parameter Analysis

The various design parameters play interesting roles on the
final reflectivity spectrum. Any material system with a large

Wavelength (jtm)

Wavelength (pm)

Fig. 3. Effect of she low index layer under the glaring, (a) Reflectivity as
function of wavelength and There is no reflection taisS whenQ. < 0. t ^tn,
and above this value, tite strvdure has low sensitivity to this psramstes. Os'
Reflectivity as tactic® of wavetagtfe ante n*,. The rahTOr also does not exist
if m, > 2.5.

difference in index of refraction can be used as a base for this
broadband mirror, and the larger this difference, the larger the
band. Our simulations show results for Poly-Silicon-air-SiOj,
but GaAs-AljOa, GaN-air or ZnSe-CaFg would be compa­
rable. Thus, this grating is a potential candidate for several ac­
tive and passive devices such as visible and infrared wavelength
VCSELs (8] and MEM tunable devices [ 1 ], [2]. In the following
discussion, we show design tolerance by varying one of the pa­
rameters, while keeping the others constant.

The grating period determines the location of the center wave­
length of the reflection band, and this effect is shown in Fig. 4.
The band shifts to longer wavelengths proportionally to A, and
for A ~ 0.7 /im, the band is the broadest. The period can be
controlled vety accurately by lithographic methods, and thus,
the reflection band can be precisely fabricated.

Grating thickness and fill factor determine the intensity of
modulation, or grating strength. However, this strength cannot
increase indefinitely and there is an optimum point where the
grating effect is strongest with respect to reflectivity.

Fig. 5 shows the effect of is. For a very thin grating, the mirror
is sharp and the optimized bandwidth occurs for is 0.46 gm.
Above this value, the mirror gets sharp again. As this parameter
can be precisely controlled by epitaxial growth or plasma depo­
sition techniques, the optimized design can be easily fabricated.
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band.

Fig. 6 shows the effect of fill factor. There are two reflec­
tion peaks for a fill factor of 0.5, one at 1.1 /rm and the other at 

1.6 f«m. As the fill factor increases, the two peaks merge to form
one broad and flat reflection band. This parameter is probably
the most critical in fabrication as small variations in lithography
can change the final value. It may slightly affect the flatness of
the band (if the fill factor gets smaller, the two peaks tend to sep­
arate) or its coverage (if fill factor gets larger, mirror bandwidth
decreases).

In this design, where lines are used, reflection is polarization
dependent This can be advantageous to control the polarization
on a VCSEL, e.g., if the grating design is used for the mirrors. If
a two-dimensional grating is chosen instead, reflectivity would
be polarization independent. The grating sensitivity to all these
parameters can be optimized iteratively. If the application has
a less stringent requirement on reflectivity, i.e., < 99%, most
of the parameters have a large tolerance range, sometimes up
to 10% variation. Experimental results are being carried on and
will be presented soon.

IV. Conclusion

We have presented a subwavelength grating that under normal
incident light has vety broad reflection spectrum (R > 99%
and AA/A > 30%). The mirror can be easily scaled by simply
multiplying the dimensions by a constant.

This design has potential application on micro-dectro-me-
chanical tenable devices, VCSELs and reconfigurable focal
plane arrays. It is insensitive to lateral position on cascaded
structures and can be easily fabricated monolithically with
optoelectronic devices.
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Advanced Technologies for High
Efficiency Photovoltaic Systems
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1. Introduction
A typical photovoltaic system consists of a module

containing multiple photovoltaic cells and a power
conditioner that converts the generated DC into AC.
Since photovoltaic power generation does not emit CO2,
a number of nations, particularly those in Europe, have
announced special support measures and so photo­
voltaic systems are being rapidly introduced. Since
multicrystalline silicon photovoltaic modules have the
lowest power generation cost, these modules are the
mainstream in photovoltaic cells for electricity genera­
tion; production of these modules accounts for 60% of
all photovoltaic modules, but for further expansion, the
power generation cost must be greatly reduced. The
key to achieving such low generation cost is to improve
the power generation efficiency of the photovoltaic cells
and power conversion efficiency of the power condi­
tioners. These technological activities are also closely
associated with Mitsubishi Electric’s “Environmental
Vision 2021."

Mitsubishi Electric's multicrystalline silicon photo­
voltaic system is the most efficient in the industry
thanks to the development of efficiency-enhancing
technologies for both the cell and power conditioner.
This report discusses the efficiency-enhancing tech­
nologies used in the multicrystalline silicon photovoltaic
cells of Mitsubishi Electric’s photovoltaic power system,
the next generation technologies, and gradation-
ally-controlled voltage type inverter technologies for
raising the efficiency of power conditioners.

2. Development of High-Efficiency Mul­
ticrystalline Silicon Solar Ceils

2.1 Efficiency improvement by low-reflectivity tex­
ture structure
To increase the conversion efficiency of photo­

voltaic cells, the photovoltaic cells must capture as
much solar light as possible. A low-reflective structure
that combines a rough surface structure (called “tex­
ture”) and antireflection film is therefore used on the
light-receiving surface of the multicrystalline silicon
photovoltaic cell. This texture structure effectively con­
fines the light and enhances light absorption, especially
for long wavelength light. To improve the conversion
efficiency by fully using this increased amount of light
by lowered reflectivity, it is necessary to reduce the 

surface recombination loss of electrons by minimizing
the increase in surface area through optimization of the
texture configuration.

Typical multicrystalline silicon photovoltaic cells
employ a concave-convex surface structure, called an
alkaline texture, prepared by anisotropic etching with
alkali solution (Fig. 1a). However, since almost no
rough structure is formed depending on the orientation
of respective crystal grains that constitute a multicrys­
talline silicon substrate, a texture forming method that
does not depend on crystal orientation is necessary.
Mitsubishi Electric examined a texture forming (plasma
texture) method using plasma etching with spray-type
masking material. The results indicated that a some­
what larger texture size is suitable for enhancing the
efficiency while optimizing the reproducibility, process
margin, and diffusion layer. By using a mixed masking
material consisting of a material several nm to several
pm in diameter and applying a special spraying method,
textures of comparatively large size, on the order of
several pm, were formed on a full-size substrate
(150-mm square) with good reproducibility (Fig. 1b).

Fig. 1 Comparison of textures made by (a) alkaline and (b)
plasma etching

We experimentally manufactured high-efficiency
cells by using this plasma texture for high-quality mul­
ticrystalline silicon substrates. Other than the texture
the surface grid electrode was made narrower and the
baking conditions were optimized. Figure 2 compares
the appearance between the current product alkaline
texture cell and plasma texture cell. In the plasma
texture cell, the appearance is dark due to the reduced
reflectivity. As a result, according to the characteristic
evaluation conducted by a public certification organiza­
tion (Research Center for Photovoltaics of the National
Institute of Advanced Industrial Science and Technol­
ogy), the world’s highest conversion efficiency of 18.0%
was achieved by a 150-mm full-size cell.
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2.2 Next-generation texture technologies
To improve the conversion efficiency still further,

we studied a next-generation texture technology that
uses honeycomb texture structures for greatly reduced
reflectivity without needing to increase the surface
area1). The conventional honeycomb texture cell uses
photoengraved patterning; the experimental cells are
limited to 1-cm square in size. However, we have suc­
ceeded in forming a honeycomb texture structure on a
150-mm square multicrystalline substrate with compa­
rably large roughness of ±3 to 5pn by using laser
patterning. This technology involves high-speed multi­
ple point simultaneous patterning of the etching mask
by YAG laser (basic wave to triple wave) and wet etch­
ing with hydrofluoric nitric acid to form a honeycomb
structure. Figure 3 shows the scanning electron micro­
scope image of the honeycomb texture structure
formed on a multicrystalline silicon substrate. The photo
clearly indicates that this method can form honeycomb
textures without using photo engraving. We have also 

confirmed that honeycomb textures reduce reflectivity
further than plasma textures in the entire wavelength
range, so efficiency will be improved by using honey­
comb textures.

3. High-efficiency Photovoltaic Power
Conditioner

3.1 Configuration of gradationally controlled volt­
age type power conditioner
The system employs a gradationally controlled

voltage type inverter in the power conditioner for the
first time in the industry to achieve a power conversion
efficiency of 97.5%. Typically, power is lost when the
inverter in the power conditioner converts the DC power
generated by photovoltaic cells into AC power. In con­
ventional systems, one inverter is used to form rectan­
gular waves and the waves are made sinusoidal
through a filter circuit. In the gradationally controlled
voltage type inverter method employed in the new
system, three inverters of different voltages are com-

Fig. 2 Appearance of solar cells with an alkaline (left) and
plasma (right) texture

Fig. 3 Scanning electron microscope image of hon­
eycomb texture structure formed on multicrys­
talline silicon substrate

Control circuit

.i.

Gradationally
controlled

voltage type
inverter

Chopper
circuit

Photovoltaic
cell i

Output waveform of gradationally
Contralied voltage type inverter

Output waveform through the filter
circuit

Photovoltaic power conditioner

-----------1_____ 200V

Fig. 4 Schematic diagrams of the output waveform and circuit
configuration of gradationally controlled voltage inverter
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bined to directly generate pseudo-sinusoidal waves
gradationally. This technology makes it possible to
downsize the filter circuit, reduce the power conversion
loss by 44% compared to the conventional system, and
attain a power conversion efficiency of 97.5% which is
the highest in the industry. Furthermore, a much higher
conversion efficiency (97.5% or higher) compared with
the rated efficiency has been achieved over a wide
output power range, proving that the DC power gener­
ated by photovoltaic cells can be used effectively.

3.2 Features of gradationally controlled voltage
power conditioner
Figure 5 shows the appearance of a gradationally

controlled voltage power conditioner. With less heat
generated due to power loss during power conversion,
the air-inlet port for heat radiation is no longer needed,
resulting in better air-tightness. As a result, humidity
resistance has increased greatly, allowing the system to
be installed in a dressing room or rest room, which was
impossible with conventional models. In addition, for a
reduced voltage amplitude with the gradationally con­
trolled voltage inverter, the noise generated from the
reactor (coil) in the filter circuit is also suppressed. Now
the system features a low noise level of 30 dB during
operation, which is the lowest level in the industry.
Furthermore, the new system has a wider input voltage
range of VDC 50 to 380, compared with VDC 115 to
380 in the conventional systems.

Fig. 5 Power conditioner for residential photo­
voltaic system
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4. Conclusion
Improved power generation efficiency of photo­

voltaic cells and power conversion efficiency of power
conditioners are directly associated with power genera­
tion cost, which is key to increasing the use of photo­
voltaic systems in the future. Therefore, Mitsubishi Elec­
tric will continue with R&D on improving the efficiency.

We conducted this study in cooperation with the
Nakatsugawa Works Photovoltaic Power System De­
partment. The study of higher-efficiency cells was con­
ducted as part of the “Research and development of
innovative photovoltaic technology" project and
“Research and development for future technologies of
photovoltaic power system" (entrusted by NEDO).

Reference:
1) J. Zhao, A. Wang, M. A. Green, 2nd World Con­

ference and Exhibition on Photovoltaic Solar En­
ergy Conversion (1998) 1681.
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Introduction

We report on 2- and 4 megapixel backside illuminated image sensors with a 5.5 pm global shutter pixel
manufactured in 0.18 pm CMOS. Global shutter pixels require an in-pixel storage node next to the
photodiode. This storage node should not be light sensitive. This is specified by parasitic light sensitivity,
which is the ratio of the amount of light detected by the storage node divided by the amount of light detected
by the photodiode. In many global shutter pixels, the signal is stored on a junction, either the floating
diffusion [1], a combination of floating diffusion and other capacitance [2] or a dedicated buried diode
implantation [3], In either case, the in-pixel storage node is shielded from light by a metal shield. Parasitic
light sensitivity is worse for longer wavelengths and typically around 1/500 to 1/1000 for a frontside
illuminated sensor. For a backside illuminated sensor parasitic light sensitivity is considered to deteriorate
considerably due to the lack of a light shield on top of the storage node. The approach taken for this
backside illuminated sensor avoids storage of the pixel signal on a diffusion. This guarantees a good
parasitic light sensitivity, even for a backside illuminated device.

Pixel structure

The pixel is an 8-transistor active pixel with 2 storage nodes, shown in fig. 1, which has been reported earlier
in its frontside version [4]. It stores the reset and signal values on two equal in-pixel capacitors of 16 fF each.
These capacitors are actual NMOS transistor gates in inversion regime. The signal on both capacitors is
subtracted in the column amplifiers. Correlated double sampling is combined with global shutter operation.

VDD

RST

SAMPLE2SAMPLE1

Sample!   
Sample?    

RST 

PC  

TX   

SE:L 

FOT
ROT *

Figure 1: pixel schematic and timing

The pixel inherently has a good parasitic light sensitivity because of the following 3 measures:
1. the signal is stored on the gate, which does not collect any photocharges. Only the very small source

junctions of the sample switches may collect some photocharges
2. the floating diffusion is designed for max. conversion gain, in this case 100 pV/e-. The storage

capacitors are 16 fF, which corresponds with a conversion gain of the storage nodes of 10 pV/e- .
This means that the impact of a charge collected by the storage node instead of the photodiode on
the signal is 10x smaller.
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3. Both in-pixel capacitors have a nearly equal chance that a photocharge is collected by one of them.
The signal stored on both capacitors is subtracted for the CDS operation. The parasitic light
sensitivity signal is a common-mode signal on both capacitors, and it is cancelled out by CDS.

Table 1: pixel parameters measured on the backside illuminated sensor

Parameter Value
Pixel size 5.5 pm
Conversion gain 100 pV/e-
Full well charge 13,500 e-
Read noise 10 e- RMS
Dynamic range 62.6 dB
Peak QE 60% (without optimized AR coating)

(60% peak frontside illuminated with microlens)
Shutter efficiency
Parasitic light sensitivity

99.996% (99.999% on frontside illuminated)
1/25,000 (1/110,000 frontside illuminated)

Measured pixel parameters are given in table 1. The parasitic light sensitivity of the storage node is 1/25,000
for the backside sensor resulting in a shutter efficiency of 99.996%. With frontside illumination the parasitic
light sensitivity and shutter efficiency are 1/110,000 and 99.999% respectively. Since such low parasitic light
sensitivity is not simple to measure, we also clarify the measurement procedure here:

1. take an image at shortest exposure time, with strong illumination (near to saturation). In this image,
row #1 has the shortest signal storage time, row#2048 has the longest storage time.

2. take an image with the same conditions, but revert the row readout (read out last row first). In this
image, row#1 has the longest signal storage time

3. subtract the 2 images and take the average per row.
4. Plot the profile of the subtracted row averages, this shows the parasitic signal in function of the

storage time, linearly variable from the first row to the center row. From this slope, the light sensitivity
of the storage node can be calculated.

5. Divide this number by the light sensitivity of the pixel to get the parasitic light sensitivity.

Process flow and optimization of the UV response

hght

Handle wafer

Oxsde
? Pad opening
y Epitaxial device layer
■' CMOS transistors
^Circuit routing

Figure 2: device cross-section after thinning

The backside thinning is done on wafer level and based upon an SOI flow. It starts from CMOS wafers
processed on 5.0 pm SOI substrates. Two different wafer bonding mechanisms were used: oxide-oxide
bonding and glue bonding between the handle wafer and device wafer. After bonding, the device is thinned
down to the buried oxide layer. In some variants, the buried oxide remained on the backside surface, serving
as an AR coating. In other variants, the buried oxide was etched away and replaced by a thin oxide, to allow
further postprocessing steps which are discussed below. Bond pads are opened to the metall level from the
illuminated side. Figure 2 shows a cross-section of the device.

Figure 3 shows the quantum efficiency on BSI devices and FSI devices with microlens. When the original
buried oxide is still present, the peak QE is 60% which is similar to the FSI QE around 600 nm. The oxide
acts as a (non-optimal) AR coating. When the buried oxide is etched away, the QE drops to 48%. The peak
QE can be further improved by anti-reflective coating, this was not further explored in the frame of our
research project. Instead, an increase of the response in the blue and UV region is investigated, as the
response is rather weak for blue light, and as our applications are situated in that area.
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Figure 3: measured QE on the FSi sensor (with glens), the BSI image sensor (without AR coating) with and without oxide
at the backside surface, and with an additional etch of 200/400 nm

Depth {um}
Figure 4: potential profile cross-section showing dead zone; effect of sapphire on the potential profile (red curve)

Initially the substrate is highly doped at the backside. However, after CMOS processing, the doping profile
has a peak concentration slightly below the backside surface, due to strong outdiffusion during the various
thermal CMOS processing steps. This creates a potential peak below the surface (shown in the profile of
figure 4), which creates a dead zone near the surface. This reduces the blue and UV response. There are
several ways to remove the dead zone, each requiring a removal of the (originally buried) oxide first: 1) ion
implantation and laser anneal at the backside; 2) further etching (thinning) of the silicon; and/or 3) deposition
of a layer with fixed negative charge. We report here on the latter 2 routes, namely a further etch of the
silicon of 250 and 400 nm to make sure that the peak doping concentration is at the surface; and the
deposition of a 60 nm layer of sapphire (AI2O3). Sapphire has a fixed negative charge that can compensate
the potential profile (fig. 4). Results of both experiments are shown also in figure 3. The results at this
moment are showing no improved blue response. We conclude that a combination of the etch step with
sapphire deposition or an ion implantation will be required to improve the QE in the blue region. The QE is
increased by sapphire deposition at longer wavelengths compared to the case without buried oxide due to
the buried oxide due to improved anti-reflective properties of the sapphire coating.
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Further results

Table 2: measured MTF and dark current on the FSI and BSI sensors

FSI 400nm etched BSI 250nm etched BSI BSI with sapphire
Detector thickness 5.5 pm (epi) 4.6 pm 4.75 pm 5.0 pm

MTF Blue 0.70 0.51 0.61 N/A

Green 0.72 0.60 0.69 N/A

Red 0.61 0.62 0.64 N/A

Dark current (22QC) 105 e-/s 406 e-/s 370 e-/s 1028 e-/s

Table 2 shows measured MTF data for red, green and blue light, as well as dark current data. Dark current
increases most for the sapphire covered BSI chips.

Wafers containing 2 and 4 Mpixel imagers were thinned. The imagers operate at 300 fps (2 MPixel) and 180
fps (4 MPixel) in 10 bit on-chip AD conversion mode, and at 75 fps (2 MPixel) and 45 fps (4 MPixel) in 12 bit
AD conversion mode. Figure 5 shows images captured with the 2 Mpixel device in front- and backside
illumination.

Emritehfe imager with ytem

PMl
wm
Backside imager

Figure 5: images captured with frontside and backside sensor

Conclusion

A global shutter pixel on a backside illuminated image sensor was demonstrated. This was developed on an
SOI based flow with pre-profiled epitaxial layer substrate. However, the outdiffusion of the pre-doped layer
requires additional process steps to generate a good QE for short wavelengths. Such BSI global shutter pixel
can be used to extend the wavelength range and may find applications in scientific and machine vision
applications.
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ABSTRACT
The many advantages of silicon such as low cost, abundancy and a level of maturity that allows for very large scale
integration, means that silicon is the most commonly used semiconductor in microelectronics and optoelectronic
devices. Silicon, however, has one disadvantage, this being that it is unable to absorb light greater than 1100 nm.
The two primary telecommunications wavelengths, 1300 nm and 1550 nm, can therefore not be detected. An
interesting method used to extend silicon’s wavelength range is the formation of black silicon on the silicon
surface. Black silicon is formed when gases that are passed over the silicon react and etch the silicon surface,
forming a dark spiky pattern. When light is shone on such a pattern, it repeatedly bounces back and forth
between the spikes thus reducing surface reflection and trapping the light. This reduced reflectance and light
trapping increases the sensitivity of the silicon to long wavelengths and makes it viable for use in a wide range
of commercial devices such as infrared detectors and solar cells.

This paper presents novel black silicon PIN photodiodes of various sizes (25 mm2, 4 mm2 and 1 mm2). The
diodes have been extensively characterized at wafer level, with breakdown voltage, dark current, shunt resistance,
threshold voltage and junction capacitance measurements being made. Extensive responsivity measurements were
also performed and it was established that the black silicon surface resulted in responsivity increases of greater
than 50 % at long wavelengths (% 1100 nm).

Keywords: Silicon, black silicon, photodetector, PIN photodiode, solar cell

1. INTRODUCTION
Texturing silicon surfaces has proved to be a more effective and permanent solution to reflection reduction and
light trapping than using an antirefiection coating. In addition to reducing reflection, texturing enlarges the
surface area of the diode and increases the effective diode thickness as the light repeatedly bounces back and
forth between the spikes. Textured diodes, therefore, generally outperform planar diodes, particularly at longer
wavelengths. Textured diodes have a wide range of applications including solar cells, infrared detectors, chemical
and biological sensors and field emission devices.1

Texturing has historically been obtained by creating pyramids using anisotropic etchants, but this works
well on single cyrstalline silicon only.2 Several attempts have been made to texture multicyrstalline silicon,
of which one of the most popular is the formation of what is known as black silicon. Black silicon, so-called
because the silicon appears black in colour, is generally formed using a maskless SFc/Ch reactive ion etch.3 In
this paper novel black silicon PIN photodiodes are presented, where the black silicon is formed using a modified
Bosch process. The novel diodes have been completely characterised with emphasis placed on responsivity
measurements. Responsivity measurements were made with the diodes front illuminated and back illuminated,
as the black silicon was formed on the back of the wafer. All measurements were also performed on standard
diodes, without black silicon texturing, fabricated on the same wafer. The black silicon diodes revealed much
higher rseponsivities than the standard diodes, when back illuminated, with « 50 % of an increase in reponsivity
recorded at long wavelengths > 1000 nm.

Further author information: (Send correspondence to Aoife Moloney)
Aoife Moloney: E-mail: aoife.moloney.9dit.ie, Telephone: t-353 (0)1 4024667
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Figure 1. Cross section through a black silicon PIN photodiode.

2. BLACK SILICON PHOTODIODES
The photodiodes presented here are PIN diodes formed using a p-type diffusion into a lightly doped n-type
substrate. The diffusion forms the anode and defines the active area of the detector. To form the cathode the
back of the wafer was POCI3 doped. Contacts were formed by deposition of a metal bondpad on the top of the
wafer and coating the backside of the wafer with metal. The diodes are square in shape with side dimensions of
5 mm, 2 mm and 1 mm. Figure 1 shows a cross section through the PIN diodes.

Forming the black silicon on the back of the wafers was not trivial and several different methods were tried
before the process used was found. All methods for generating black silicon involved deliberately modifying etch
processes to result in a build up of the passivating material to form micro-masks at the base of the structure
being etched. These micromasks result in the formation of short spikes of silicon covered in a thin passivating
film. When these etched spikes reach a certain height, they have the effect of absorbing all the incoming light,
turning the surface black.

The first method tried involved the modification of the parameters of a continuous SFo/Oz plasma. This
method resulted in the formation of grey silicon (see Figure 2), which does not absorb all the incoming light,
and black silicon (Figure 3) with irregular deformations with a height of % 2.5 pm.

The second method involved simply modifying the Bosch process to result in poor equilibrium between etching
and deposition regimes. This was a straight forward procedure and a photograph of the black silicon formed can
be seen in Figure 4 below. The silicon spikes are 45 pm in height. Slight modifications resulted in denser,
shorter spikes (« 15 pm) (see Figure 5). The silicon appeared darkest for this method when viewed under the
optical microscope. This method was therefore chosen to form the black silicon on the devices reported here.

3. MEASUREMENTS
Substantial on wafer measurements were made on the black silicon diodes, with breakdown voltage, dark current,
shunt resistance, threshold voltage and capacitance measurements being made. These measurements were also
made on similar sized, standard diodes, without the black silicon, fabricated on the same wafer. The results have
been extensively compared and in most cases the black silicon diode performance has been equivalent to that of
the standard diodes.

Since improved responsivity performance is the desired effect of black silicon, responsivity measurements
were made on both the black silicon diodes and the standard diodes. The responsivity was measured using an
integrating sphere, a calibrated Newport photodiode, a Newport power meter, a monochrometer and a Keithley
2400 (used to bias the diode and measure the diode current). The setup used for the measurement is shown
in Figure 6. The responsivity of the diodes was measured initially using front illumination and then with back
illumination. Printed circuit boards (PCBs) had to be fabricated to allow for back illumination of the diodes.
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Figure 3. Black silicon of height « 2.5 pm.
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Figure 4. Black silicon with height « 45 fim.

Figure 5. Black silicon with height « 15 gin.
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Figure 7. Boards for back illumination of black silicon diodes.
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Table 1. Measured characteristics of 5 mm standard and black silicon diodes.

Diode
Breakdown

voltage
(V)

Dark
current

(pA)

Shunt
resistance

(MH)

Threshold
voltage

(V)

Capacitance
(PF)

Standard -69 641.0 @
-30V

318 0.8 28.0 @
-30V

Black -70 1026.0 @
-30V 116 0.6 27.4 @

-30V

Table 2. Measured characteristics of 2 mm standard and black silicon diodes.

Diode
Breakdown

voltage
(V)

Dark
current

(PA)

Shunt
resistance

(Mil)

Threshold
voltage

(V)

Capacitance
(pF)

Standard -66 232.3 @
-30V 895 0.8

5.2 @
-30V

Black -70
305.0 @

-30V 535 0.6 5.2 @
-30V

Boards were made for the 2 mm diodes only. A diagram of the fabricated boards is shown in Figure 7. The
boards have a 1.8 mm diameter hole to allow for the back illumination. The back of the diode is connected to
the board using conductive epoxy which allows the cathode of the diode to be biased. The anode contact is
connected to the board using a wirebond.

4. RESULTS
Measurements of breakdown voltage, dark current, shunt resistance, threshold voltage and capacitance were
made on the 5 mm, 2 mm and 1 mm black silicon and standard diodes, at wafer level. The results of these
measurements are shown in Tables 1 to 3 below. Each of these measurements was performed on a number
(usually 4 to 6) of diodes and the median found in each case. The breakdown voltages and dark currents of the
black silicon diodes tended to be slightly higher than those for the standard diodes. This was due to the position
of the black silicon diodes on the wafer, as characteristics tended to vary across the wafer, rather than due to
the black silicon coating. However, the larger dark current observed in the black silicon diodes lead to low shunt
resistance. Since one of the main applications for black silicon is photovoltaic devices that would be operated in
photovoltaic mode, where Johnson noise due to shunt resistance dominates the noise performance, a high shunt
resistance would be more desirable. Future runs of the diodes will therefore pay more attention to where the
black silicon diodes are placed.

The threshold voltage of the black silicon diodes was lower than that of the standard diodes in each case. It
was established that this is not due to device variations across the wafer. It is thought that the lower threshold
voltage is due to the existence of a second photodiode junction in the black silicon diodes, formed between the
black silicon surface and the silicon substrate. Carey et al1 have previously established that there is a photodiode
junction between their laser-assisted microstructured silicon surface and the silicon substrate.

To establish the impact the black silicon had on the responsivity, measurements on both black silicon and
standard diodes were made. The diodes were initially front illuminated and all showed similar results, with no
increase in responsivity being observed (see Figure 8). In fact the standard diodes out performed the black silicon
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Table 3. Measured characteristics of 1 mm standard and black silicon diodes.

Diode
Breakdown

voltage
(V)

Dark
current

(PA)

Shunt
resistance

(MQ)

Threshold
voltage

(V)

Capacitance
(pF)

Standard -68
-121.7 @

-30V
1749 0.8

1.6 @
-30V

Black -70
-126.8 @

-30V
1493 0.5

1.6 @
-30V
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Figure 8. Responsivity of front illuminated standard and black silicon diode.
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Figure 9. Percentage increase in responsivity of a black silicon 2 mm diode over that of a standard 2 mm diode, for back
illumination.

diodes. Measurements were then performed on 2 mm standard and black silicon diodes, mounted on the boards
shown in Figure 7, back illuminated. The back illumination resulted in substantial increases in responsivity,
particularly at longer wavelengths. Figure 9 shows a plot of the percentage increase in responsivity observed in
the black silicon diode over that of the standard diode. For wavelengths > 1050 nm the black silicon diode’s
responsivity was 50 % higher than that of a standard diode. It was observed that very little current flowed
in the standard diode for the long wavelengths. Unfortunately, the Keithley 2400 has limited current sensitivity
and was unable to accurately measure such small currents. It is therefore expected that if the measurements
were made with a more sensitive meter the increases in responsivity would be very much greater.

5. CONCLUSION
Novel PIN photodiodes with black silicon formed on the backside, have been presented. Breakdown voltage, dark
current, shunt resistance, threshold voltage and capacitance measurements have been made on the diodes. These
measurements were compared with similar measurements made on standard PIN diodes on the same wafer, which
did not have any black silicon. The results were comparable, however, the values obtained for threshold voltage
indicated that a photodiode junction is formed between the black silicon and the silicon substrate. Responsivity
measurements made on both the black silicon and the standard diodes were also presented. The measurements
were made initially with the diodes front illuminated and then with the diodes back illuminated. No increase in
responsivity, due to the black silicon, was observed for front illumination. However, greater than 50 % increase
in responsivity, at long wavelengths, was observed for back illumination. It is thought that with more sensitive
current measuring equipment much greater increases would be observed.
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A B S T R A C T

This study is devoted to the formation of high-low-level-doped selective emitter for crystalline silicon
solar ceils for photovoltaic application. We report here the formation of porous silicon under chemical
reaction condition. The chemical mixture containing hydrofluoric and nitric acid, with de-ionized water,
was used to make porous on the half of the silicon surface of size 125 x 125 cm. Porcius and non-porous
areas each share half of the whole silicon surface. H3PO4:methanol gives the best deposited layer with
acceptable adherence and uniformity on the non-porous and porous areas of the silicon surface to get
high- and low-level-doped regions. The volume concentration of H3PO4 does not exceed 10% of the total
volume emulsion. Phosphoric acid was used as an n-type doping source to make emitter for silicon solar
cells. The measured emitter sheet resistances at the high- and low-level-doped regions were 30-35 and
97-474 Qi  respectively. A simple process for low- and high-level doping has been achieved by forming
porous and porous-free silicon surface, in this study, which could be applied for solar ceils selective
emitter doping.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Porous silicon (PS) has stimulated great interest in the
photovoltaic community due to its light trapping and antireflec­
tion properties. In addition to the reduced reflection of the
incoming light, light trapping of long wavelength light is also
desirable, which becomes even more important for thinner
wafers. PS can be formed by chemical or electrochemical etching.
Chemical etching is more adapted to industrial fabrication due to
its simplicity and lower cost. PS formation improves the conver­
sion efficiency of silicon solar cells. The optical, electrical and
physical properties depend on the PS structure. The physical
characteristics, such as pore size and morphology, mainly depend
on the processing conditions. By controlling dopant density and
diffusion condition, high/low level-doping can be carried out in
silicon wafer. Carrier recombination and majority carrier density
increased for high-level doping but there was a reduction of
minority carrier lifetime and diffusion length. High-level doping
increases the built-in potential, which in turn increases the higher
open-circuit voltage (Voc) and decreases the ohmic contact
resistance 11-4]. Minority carrier lifetime and diffusion length
increased in the low-level doping process, which consequently
increases short circuit current ]1 ]. High/low-level doping plays an

‘Corresponding author. Tel.: +82 312907139; fax: +82312907159.
E-mail address: yi@yurim.skku.ac.kr (J. Yr ).

0927-0248/$ - see front matter e 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.solmat2008.09.042 

important role in semiconductor devices, such as p*-n-n+ epitaxial
diodes [6], and selective emitter silicon solar cells [5], The two-level
doping methods, such as photo-resist pattering, photo-resist
striping, etching and thick oxidation, lead to a complicated process
in the formation of high-low-level junction solar cells. PS
formation and H3PO4 doping were performed at ambient pressure
and room temperature. During the doping process, low-level doped
regions formed in the place of the PS layer and high-level doped
regions formed in the porous-free regions adjacent to each other
(Fig, I), PS can be comfortably used as a blocking layer for the in­
line process because it is cost-effective compared 10 SiO2, SiNx and
metal mask. Our experimental method is a one-step process, which
is advantageous in view of its low cost and the in-line process
forms high-low-level doping and has good reproducibility. In this
paper, the formation of PS and its action as a blocking layer to
control the doping density, thickness and wafer colour variation
with respect to reaction time were discussed and analyzed. The
discussion about high -low-level doping for selective emitter silicon
solar cells will help the industrialist in the process of design and
implementation.

2. Experimental

The substrates used are Czochralski (Cz) (lOO)-oriented,
boron-doped p-type silicon wafers having a resistivity of 2-2.5 Q
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PS removing by HF solution

High levs! doping

Low level doping
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High level doping

Fig.Schematic diagram of high-low-level doping process sequences.

cm, a thickness of about 220 pm and size 125 x 125 cm. Cleaning
and polishing were done by immersing the silicon substrate in 1%
NaOH for 2 min at room temperature and in 8% NaOH for 10 min,
respectively. A standard HF (50%):HN03 (61%):H2O was used in
the ratio 7:3:8 (vol%) (Solution “A") to make a porous structure
with different porous colours, and this depends on etching time.
The process sequence of making high-low-level doping is shown
in Fig. 1.

The deposit at an ambient temperature of the emulsion
H3P04:H20 does not adhere to tire surface of the wafer. The
atomized solution is presented in the form of large droplets on
the piates. Hence the emulsion H3PO4:H2O was eliminated. The
doping solution was prepared with a determined concentration of
emulsion H3PO4:methanol. The deposition, was carried out by

dipping at the ambient temperature. After the deposition, samples
undergo drying at 350 °C for 4 min in a conveyor furnace. The
diffusion of phosphorus atoms was carried out in an RTP system at
different temperatures and time. Before resistivity measurements,
the residual phosphorus silicate glass (PSG) was removed in HF
after dipping in HN03. We determined the selective emitter sheet
resistance using the four point probe current-voltage system.

3. Results and discussion

The chemical dissolution of the silicon surface in the mixture
of HF-HNO3--Dl-based solution forms a porous layer on crystaHine
silicon, commonly called PS. The chemical etching of silicon can
be considered as a localized electrochemical process [7|. Nitric
acid, as a strong oxidizing agent, injects holes into the silicon,
which may attack the silicon lattice. The holes oxidize the silicon,
which is then removed by reaction with the HF present. Many
holes are injected in the case of an HN0-, solution and hence
silicon dissolution is limited by the presence of fluorine ions,
which results in a smoothening of the surface, The use of an HF-
rich solution results in a process that is limited by the availability
of holes and gives rise to stain etching, Thus, the PS material
resulting from an HF-HN03-based etch was called stain-etched
PS. The porous etching was carried out on the silicon wafer at
different etching times (20, 40, 80 and 160 s), which resulted in
different colours, namely brown, bine, white-blue and yellow, of
PS in accordance with time. PS layer thickness increases with
etching time, which is established by ellipsometry as shown in
Fig. 2. The PS thickness increased rapidly and stabilized at 151 nm
at 160s of etching time, owing to the etching of the silicon surface
in dipping "Solution A”. Table 1 shows PS thickness and colours as
a function of etching time with “Solution A”. As etching time­
increases, the porous colour changes and regains the initial colour
cyclically.

Fig. 3(a) shows the simplified schematic model of PS on silicon
substrate. Here we sprayed 10% H3P04 solution in order to dope
phosphorous on the porous and non-porous regions of silicon
wafer. Phosphoric acid easily undergoes a process called con­
densation. The phosphorus diffusion with phosphoric acid can be
described by a dehydration scheme and a diffusion reaction as
follows:

2H3PO4 -* P2O5 +3H2O

160

■20

S'

S 80

2 40

0

Fig. 2. PS layer thicknesses formed at different etching times measured by
ellipsometry.
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Table 1
The PS layer thickness, color and emitter sheet resistance after silicon wafer etched at different time in BRHNO-jiPbO solution
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Fig. 3. Simplified schematic model of forming and removing the PS layer.

2P2O5 + 5Si -* 5SiO2 + 4P (diffusion process)

The phosphoric add exists in the liquid phase before P2O5 is
formed. The P2O5 reacts with silicon to form elemental phos­
phoats and silicon dioxide, which is the well-known diffusion
mechanism for phosphorus diffusion from a POC13 liquid source in
a tube furnace. Higher P2O5 concentration forms a thicker
phosphoric acid layer on the surface of the silicon wafer. Here,
phosphorous diffused into the material, leaving a phosphorous-
rich SiO2 layer known as PSG on the surfaces. Note that the
phosphorus concentration extends deeper than the oxygen
concentration. The PSG layer is present inside the pores and on
the pore-free regions. Fig. 3(b) shows PSG formation on PS after
emitter doping. One major difficulty with the dopant spray is the
removal of the dopant residual layer on the wafer surface after
diffusion. T he thick residual PSG layer cannot be easily removed in
HF dipping owing to the presence of heavy phosphorus. Therefore, 
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one has to oxidise the surface in HNO3 solution and a further HF
dip is needed to obtain a clean and hydrophobic surface. The
energy-dispersive X-ray spectroscopy of the PS surface (Fig. 4)
gives the significant percentage of the oxygen in the analyzed
depth of the silicon wafer. First we dipped the wafer containing
porous and non-porous regions in HN03 solution and oxidation
took place on the surface. Then the wafer was rinsed in Di water
and further HF dip sequence was carried out. Now the residual
PSG along with the PS layer was completely removed as shown in
Fig. 3(c), Good adherence and uniformity of the high-low-level
deposit were obtained in the respective places of non-porous and
porous areas on the silicon wafer as shown in Fig. 1(e).

The photovoltaic industries trend toward fuily automated
high-throughput production lines and toward larger and thinner
wafers. Due to these requirements, questions are raised about the
limits of the traditional emitter formation process, which takes
place in a batch-oriented quartz tube diffusion furnace and uses
the liquid compound POC13 as the source of phosphorus. Batch
processing requires complex automated handling in order to load
the wafers into, and unload them from the carriers. In-line
processing on its part minimizes handling and is therefore
expected to reduce wafer breakage rate and increase productivity.
There is. therefore, interest in the PV community for the
development of a well-proven in-line emitter formation process
|4s. The emitter doping of H3P04 solution is advantageous over
POC13 doping in terms of being cost-effective (0.5 L, POCl3 solution
is 5000 times the price of 10 L l-l3P04) and easy to dope.

The dependence of sheet resistance on annealing time at
constant temperature 850 °C is shown in Fig. 5(a). The sheet
resistance increases as the annealing time decreases in spite of the
higher thermal budget. The results can be attributed to lightly
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Fig. 5. (aj Emitter sheet resistance as a function of annealing time at a constant.
diffusion temperature of 850 °C for 10% HsPO^methanol-doped porous-free silicon
wafer, (b) Emitter sheet resistance as a function of diffusion temperature in 5 min
for different concentrations of H3P04.

doped/diffused phosphorus at low annealing time. The sheet
resistance is sensitive to the annealing time and changes from 112
to 57Q/D when the annealing time increases from 5 to 20s.
Fig. 5(b) shows sheet resistance as a function of diffusion
temperature up to 925 °C for different concentrations of H3PO4
solution. In this experiment, the concentrations of phosphoric acid
were 10, 7 and 3% and the diffusion time was 5 min. By adjusting
the temperature and the concentration of solution in the diffusion
process, we can control the emitter parameters. For 3% H3PO4
solution at 825°C diffusion temperature, the emitter sheet
resistance was 156 £2/D. The sheet resistance of the emitter
increases as the concentration of H3PO4 decreases, while the sheet
resistance decreases with the increase in H3PO4 concentration.
The higher sheet resistance at low concentration and low
diffusion temperature suggests that the diffusion was limited by
the supply of phosphorus source from the phosphoric acid to the
wafer. The lowest sheet resistance of 33 fl/  was obtained in 10%
H3PO4 at 925 °C diffusion temperature because of the increased
penetration of phosphorus into the silicon wafer.

The evolution of the emitter sheet resistance with etching time
can be seen in Fig. 6 (for the porous layer on the single-crystalline

60 fl

5011
*

400

3011

200

100

■
ll

0 30 60 90 120 ISO 180

Etching Time (see)

Fig. 6. Emitter sheet resistance as a function of etching time at ambient condition
for 10% HjPOimiethanol dopant source for porous-free silicon surface.

silicon). PS layer thickness increases with etching time, which is
established by ellipsometry (Fig, 2). The sheet resistances of
97-474QI  were obtained by changing the etching time. P in­
diffusion from a high-concentration source can be explained as a
dual process with two different diffusivities: a low-concentration
region with lower diffusivity and a high-concentration region with
a higher diffusivity. In the more-porous region, the concentration
of diffused phosphorus is less, which results in higher emitter
sheet resistance. The Low porous region, caused by low etching,
gives an emitter sheet resistance of 97f2/iJ, From Fig. 6, it was
observed that the emitter resistance very slowly increases from 97
to 12O£2/l: during etching time 20-80 s and standard deviation
decreases from 22 to 3 £‘2/ . This result can be attributed to the
low rate of porous formation. The creation of more porosity at
high etching time leads to more sheet resistance. From Table 1, it
is observed that as the etching reaction time increases, sheet
resistance also increases from 97 to 120QI  but standard
deviation decreases from 22 to 3 QIC. These results show that
there is uniform for the sample etched at 80s and hence standard
deviation is low.

4. Conclusion

We present a technique to form PS with properties that are
equal to the standard formation technique. The chemical process
creates Si vacancies by H assisted by holes from the p-type
semiconductor. Then the matrix reacts, creating dislocations to
accommodate those defects. Finally, the etch process continues
through those areas that are chemically more active, leading to
the segregation of the individual Si crystals that compose PS. The
PS layers with different thicknesses have been found using
ellipsometry. New low-cost dopant emulsion for n+p-se)ective
emitter formation on the porous and non-porous regions of c-Si
wafer was studied. Phosphorus acid mixed with methanol proved
to be a cost-effective phosphorus-doping source for the PV
industry. The sheet resistance of the emitter was found to be
sensitive to annealing time and diffusion temperature. The dip
diffused emitter requires a proper firing condition, and the
process optimization can enhance the performance of cells with
the dip diffused emitter, The results indicate that the spray
diffusion process with diluted phosphoric acid is a viable
alternative for the POC13 diffusion process because of its simplicity
and cost effectiveness. High-low-level doping has been achieved
by spraying the dopant on the porous and non-porous region.
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Large Integrated Absorption Enhancement in Plasmonic Solar Cells by
Combining Metallic Gratings and Antireflection Coatings
Jeremy N. M unday * arid Harry A. Atwater

Thprpfo j. WafoOh rkabpratories of Applied Physics,”<folifortfia Institute erf Tedwtfogy, (hsadaua bhififotriia 91 125, IdsHted States

AB? T.fi Ad: V<\: desCT>{-.<e srs fotrxfhin solar evil ro.'hitectorc Hi at rombfim-.
the benefits of both plasmtmic photovoltaic* and traditional antiretlection

ts '.a- s tn A t xtion geti >>■> 'on w. u-ed k < >h t •;!•<■
the toih integrated roromi improvement wir AM 1.5G sesksr illumfoaiion,
which caw ceach a Actor of Lfi, The -frequency-dependent «t'sorptiim is
tomw w -a rough ..scA;- vtoh >'te ,,■>>>. up-jam ot opu -•! wsfora the:
-U utet;'. ami c'st- improved atom pbon is re .inlv -fti>l nfed fo wiprottd:
:caSphSggAigmdSdsiOdeSirai&et<than lo® feedrescmant ■ modes,:

'sol.o i<.ll», p\-t,<vo uu,-. p- ro-sti-,’- ,t!» -n ete'rotc-
:foept,:grating:: : : : : ::: : : <o

The- focorpatatism of plasm.onie scattering structures with
plmtovpltfocs hay been show to intfearo solar cell photo?

epfrept sad may lead to jtew bppbrtohftles for maxpemtve, high:
efficiency's®ircefi designs,’1 15 RxpCrtmenteEy, improved, cur­
rent geheratforl has hero foiirtd. for seatterfog strudtstes placed
on top: pty* 1 ■ * within, ’ ’ or on the bottom od *’J”* photovnltaio'
devices, The eadfest espeortteu ts with pfoswroc particles on top
of a phniorohaic device showed phpfocpwpt ephahcemepts of
up t* 20:x over a narrow frequency range,* and mot® recrot
experiments have shown integrated photocurrent enhancemen ts:
of d’-~ } 2% for quantum wall structures.’ e-Sif'' and GaAs solar
rods’** and V-33S6 for silicoo-otwinsolator dfotiees.*'* Experiments
with grating st.mctnres have also shown significant
enhanOemlentx.’* 1 ’’ Ssmilariy, resul ts nsfog a toriety of foil-field
elettTomagiwsc simulations and/<_«■ semiaoalyuc methods have
tfemmtoroted that plasmoriic particles can imprirfe IncOnplfog
mtn a: safoomdifod ngAfostrate ■ * w increase absorption within
aw I’so'b; i* i'ifMi e tlw' tom * as nA 1 (u >.d
surfaces nr gratings. Photonic and. dielectric grating stmctores
have sis® been show: toifoprqve light. Bbsosytiou,"’ *•’ Farther,
once light hits been coopted into a waveguide mode, the
ahsorptiem care exceed the ergodic limit:'’1' for: .was'etengtfis near
the band-edge of the semiconductor.'1'

Despite these: advances, the questfoh of how plasfobnlc
scstterer.* compart* to traditional' dislrotric aotirs&i'tfos (ART
coatings is nut resolved. Traditional dielectric. AR coatings arc
wB suited to reduce reflection at the top irstertace of a solar celt:
however; because there is rehautiem but not scattering, the
incident light, cannot be sfltdesitiy cmmled into waveguide
'! < Lx >' {< uwl '<>! l>tl Um ill L 'h Is <

wise, macroscopic surface toxtnring that is often used for optically
thick solar cells’1* cannot be used :hft the nanosccle because ffie
films are significantly thinner than the peak-to-vfotey amplitude
of the textured layer.

Here we present: a derailed comparison ’between traditional
AR routings, plasmonic grarihgs, trad stotetiites:that rombirie AR
roaffogs Sind :g?af fogs on ultrathifi: Si gbsorblug layers. ’ Fl sssrufoio
gratings lead to large, narrow band absorption enhancements,
white traditional AR roatfogs lead to more modest, broad band
absorption enhancement Bor thicker films, the traditiotsal AR
coatings result’ iti metre absorption than the gratings alone;
h.owegeg a eomhisatioh df gratings: arid tradiftohsi AR roxtings
surpass tlw: enhiforomeuts of hither of throe sttuetaros fodividto
ally. It is found that the imptpvetoeut comro merely itom
increased absorption wsihm tin? propagating periodic {’Blotih)
modes, rather than the localised resonances for the .structures:
under ebnsideratefo.

The: teforeHeeWtoturte consists of an til frat bin (5f l”"3tfo nfo)
S absorbing layer befow: a 10 pip thick fefot surface SiQy
pasMVatfOTi Lsyer arid show: ar> infinitely thick back support
substrate of either SiOy-or Ag, The effect of adding an AR
coating nr a grating can be determined by comparing the
absoTpikm .in each structure to the ■reference structure that has
neither an A& costing nor a grating. Fpr struefofop with :ati Ag
back support, the support can function as en electrical back
contact and acts as an optical reflector of the incident. light,
Boeatise we are interested in the effect of the AR routing or the
grating rather than the affect of thi* back refied.or alone, we only
tfojppsre straetares: with gratings: and AR; poafsngs to reforeuce:
structures that have similar hack support substrates.

Two-dimensional finite difference time domain (pDTD)
sipndaffops are used to calrofete the: absorption within foe:
nlirafoirs Si slab. Broad band illunitaaifon is simiilated sad the
etectroniagnehc fields■:are recorded at 100 ■ equally spaced fre­
quencies: :sn the wavelength range of Wlto 11® .tim

I'- - - w May 27. 28iO
!:S<>;sf.. All^SSSt '21,. ’ 2.01'0

XXXx...XxX ^-:>0<;‘
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l-igras- ?. Short irircuit current enfeoncesncnt as a fiuscrlon of ..fotwfor
for Alt structures under consider;:lion with vithw Sit), (s.l or

Ay (b) back support. subsidies. Structures that vtwibinsi gratings with
conformal All enwings have . uri,-:::. <.'iiisuu,'towto- that stirpy.-,s the
enhance,wr>N ssf either grtongs or AR i.reitogs ^totally iv-wU;
si.hi.-riutic.s nt struchttes under ir.veWigisuriii ,«id sailr.iii.ibfo spjualls
varying eieclrsm gt-swraton rates.

«srtc.spottding tn ;ibrtvc band gap absoryition tn St. The results
are thin weighted by the AM 1.5G- solar spectrum. The absorp­
tion ger ..init voton-re is nbt.iineci from the divergence of the
Poyntiog vector as — fsl/2.)Re (V »P1. With the assn ni pts cut that
re-ch phtow alwntbed within the semfonndtretet creates one
eh:<:ito» ~ holt; pair, the tti.-ld profiles can be used tn oAtori the
electron gOtoto.:-.-:: rati: pel' unit Volume

where IE (co) p is the rtiagijitudc of the electric field squared
within the structure resulting from solar illumination and t” is
the inwigifi.sry part, of the lieleetnit ren. tie:'. of’the semttb>nduc-
o w w < w <<bt i n> d h> i < > the : > ' r r ti r i A da t i

Note that only absorption that occurs in the Si layer contributes
tn the geruiraEion me. To isolate thi.- absorption in the Si layer
from absorption within ths other Lt yers, an index raonstra- is used
and overlaid with the field rmsuitors, as was done in ret I. 53, and
Ml. In this way, absorption within the semiconductor, which leads
to generation., » separated from absorption whin the roet.d,
which leads to Ohmic loss.

The election geneiatwn rates easy spatially througluu.it the
absorbing layer as .show m the insets of Figure 1 for a SO nm

Rgere 2, Angular d>p’end>;twc of th:; integrated ome.iil. enhancement
ire pi) a ys'rting strnv.tto: and ;b) a grating stractisrc ■■•-.■it}-, a creiiofnt.il
AR coaling, •>•:;?> stoKturcs show .ifoianceinents ter .;,}J avsgk-s i.oinkl
•.red. and the grating ure-tore with roufci'ssisl AR •..resting gives the
hs-geu enhwccments with tire lewt angle dependence

thid; Si rayof. The reference strnctores and the st-rucviives with
AR coatings both have Similar generation ptofiles (not shown j;
however. the overall rates are higher for the structures wish AR
•..••= ring;-. are: the Ribvy— Povi.it absorpl.ion peaks .ire slightly
shifted,» expected. Stinfarly, the addition Ag bad; reflettot
t'sv'ults its increased generation at the hack of the rtfli Structural:
with gratings show compkw ge.ncv.'>5.tnn prohle.-i t.fim vary
ihrnughtjui the MtiKibstoj region, fiery i-re assume that ah
generated elec-trc•■>:■< are. collected (Le., unity internal photnestrier
>.:nl!ecfion efficiency,h however, for eases where this is not tnie,
kriowk-dge •?■{ the spatially dependent generation rate could also
lead to unproved desigtss.

The maximum eutrertf is determined usurer sRar illumination
for Si Liye.r thicknesses tanging tiom 50 to JIMI nm for structures
with gratings, AR coatings, and bodi gratings and AR coating';
illustrated in 1-igure I. We find that the AR toating; generally
perform better than the optiraiaed gratings for thicker St layers:
however, for the thinnest absorbing layers, rise AR coatings and
sire gratings bireorne comparable. By conformally coating a
grating struteiire with an .AR coating, current enhancements;
are rewind that far suvp.i.ss the enhancements ■iciiievod with, either
gratings or AR coatings individually as seen us Figure I. {for these
struirrures, a conformal AR co.s'issg of 45 nm is chosen ami the
reidih. height, and pi.-nod of'the gratings .ire again rrpt.iiTto.etl tor
inaxiimim current under A.Ml.SCI solar ilforiiirnitfor!. For ail Si
iih.wfox'.t thicknesses s.itsdire eousideration. the combined AR-
grating structure oiitoe.t.ionns the steuc.tiirex with either AB.
coatings nr gratings .rlone. For the case of a 50 nm Si layer on
a SiO? support substrate, the AR-grating structure has an
tmlraru-vraent i?t over wb-zn compared to the reference

.r-stootoiiitetopeissts yra® is«. xxxi:: »::c
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(black,j eirdes eoivespontl tt- thi: h-nxst er-Jet {higher order; propagating waveguids a;ode$. and s'bsfed lines represent repetitions tsf the fewest order
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Figure ;5. Aforis-ptou >:f'.h.i!’K'er;ii'nf (vontinif plots) Anri df.<,p>:rMCi i.l.t. to ,ies sgim. ar.d >1 >4.<<1 t« ■ ■ t .:,-■> > k mill > kw i.">><
gratings and vtoiformai Afe'eatif-gx kfele provesanddisp't- ■•« .h.ni >■..>w>a src 8 gbtw >nc>!.twd K'n fe'.-.- 4 .;• . x< t te \R .wit.vr, Th- ..r-e sg
optimmitton teWu in heights and widths feiifesitiy sni-uV rr,i the. 'bra''R'0 :>.■■• tototiits* « Oti- st fe<,<.-,:■,• w-. xto?b. .cad 1: abr' to.r>t i>; a..1

■touitutre arid an approximately 3ifo> anhancamant int» eitli-w ’fo
AR faMiing or grating structures individually. Simil?i!” fo. Ak
giating .-,,.;.;R:..;i<' with the Ag support si.-fe.Mtr iefe ;■.> xunent
enhancement* of over 50% compared to the mfccensc stnu-kin
The angular ditpenditnc.it to the enhancement is als.< inn s< stmg
Ws ccfefe if vsto irisfe to avoid fe need tor ifeaiM
tracking clement* to aiigfs the surface norsiiai (if die sfei fei v.tot
the hiddfet light of the sun. Pigmv 2a 4wm that the e»atmg
done alfows for total lam ent enhancements for angles up to fe
.•:;■■.■ Figure: 2b shows that tile giotovo; structure with >v"<k m d
AR t ;■■ srs’:-;: leads tit even tts-ger enhancements, wife' per1 i> t tor
both pel.anfeion* and .ire less sensitive to the incident angle R
dkimtnatfon.

The tipnmtzatic-n procedure is performed by '<ari>sp, de
width, height, and period of the grating to det tonic? div
tmitcs'nii.un possible absorption W.lim the setnicmfeo \'i TT
this end, we calculate the short c.ire.w cun ent per unit area fo, fol
each structure

& - fofodF

el <,> j n. edu>st1'i»n t<,> v '< b> jl’r.i u >■-■ ' ai , aiif
the integration is over the vofomu which lamtains generation.
Fiii.it 3.' ws , ieso s oi . p'l's^ii'fti, i« i 'i.s.diu
tor a 50 nrri thick Si layer with an Ag support substrate normal­
ised to the same --to’v;. without the gi’ativig. The mfevnirfi
is found by surnrmng the fo conUibutfons from both the T£ (£

■<•.•■ .i le. to Ore grahng' and PM ,;f p fee. re -he ge-titfe
po'aiozn.ms. ..-.:i:-. rl-» jm idi >u M.nhgV s-rnpiil awed nd
the. toto'to >'t xuu.d i,>iitiibuti>ii« fen> e.w'i feawavon
l’je,uji, .kt stow- tin. in.iDinum .envoi erfen.em*„nt w a
'■ in.of giv.nc. period a- seal, .is the w3'v md 3- fgbi a*
wifes the tol'.ill'.':..' xuh.U«tollU'lf is feaito.l tol tauh
■.-.'i1 he sesu'-uip re. to,,.Uu has i ?.',-:nd to
■foOrtm width to 58 im nd heighi ot “0 am fe thi tonSnrcs
l i\ on > an 'b i''i g i t) u s n -s si 4s ' x m i 'i Si ’ 1$ t''
to;..-fo •> ‘x .pfii'i.it .itoto.- .'iv 'itf". S.t\ pass.' ati.'ii lai>'>
fedto-fen !'?■', v/hict’ ..sfr.'.p..n<5stoan 41' di> A'ltiis ’umxion
to -.'u ' Otl; ever th,* visitor -ge.ti rt

nil-;. .<i tin. ihsorpt' n: enhaucci lent .is a KiiRUnii to
?" 'to: •? id the giahng stsongii :■. -.'foto. w (fee dtcpetsi.m
i>>!-;to>. as )'{.w»r,K- 1 ir :'w, R>n 4 and * Vu i •'nhon th1-
.vi.'.to. t?i re <:"■> to .i sinvlai v. nvg'.ide wvfe.i a ttratmg
Vre *.:>ls. niamematl. k l I .wh I, and liteefetoe ntofo
ii-di -- ntv ito d t.~< . fei'atf. th» a"'Rsptmutig i.Hto ctois
biynts's4ai;g y fei are i'use .leya mi nt he'vre nfoi ■ fierce nd

w...-..'.,>i to tauulat.'s' .tn,peisfo” iclati.'os cite, dw afo-.»i 'titoi
enhai.remem. t>w -ton. tut to with a 5.’ ore to fo<m 'mg ..ii'V
Mu'.ii Jib?) >ni> - -m (Xpcari .-■ a.,se b.vj.tsv the t.ni'e .i'>- to
t e gf.iiiiig geit vbs the p. 'paca*i.«i to 1 jc mi.foa fol cd .I'.hs
..•tes'.- '?•■<: to ye hv i ^i.’hwi 1 an.i b-ghit fe ' otd’i
,'ropafereg mfers to vw >'it.. ttito Ife <b !fe Wto repse-.enf

ill the fol.Osf Ufdoi htk'li ll' gi -fl'l?
to-: ■••-•?-• and U'' a dto'id hi:'.'' . >Vtot .-nd t«s the p> nod
whu< we maymi'iit’ w.<••; is I mod hs>m die i ,'tiiti-airen

feOwni fefetosAi fe* iswxxsS; ixsi-fe
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< (It ths' 111'td( fit ’.IgH Mito'' g.n •:.' ntoljto t. Sto sites f<
sal itiais retoft--.. t'-to:,: inteusfii <■ xstotii th> ftuut-ire'i
Dttb iin.?!. hi d<e mod'..' prei'tos bs.to'.s.cn the stiuiim, 'Atf.lt du.
Sil R Risk SUppO<* shewn 'll *'•:<'■I!. "ft! ''told 5,1 .'.I:'-.' to.' Agbtos
’ ppui'l s 'ton A Sts I’lgl J■ ', -toft 4th! Ob.'l . ,Ul Os' -AA'il 10 i is' ton'to
as a 's."Ut o’ the difkrem i>ound<«c o’ndiUs'r-s at the
■iito'd.Rcs I'sw ths* 1 XI sass' seer t-i pancss . and d <•■> 1 tg>rre a
toto tor ><,'■' ai-soq 'ten ei-haiKs'n ent reY-ures toto tn- not
< \p{a>n>'si in ths s Relto'd dfitol•Is':) >> 1 dtons-j, uhi> A <!>' l»'i
v o r si.'ntf’cartU, a to the gr.rtttg pi st to D'Cs.- to-re's-; to' i>'
> :'-e to ah, cd mto. s' pL> train i> .-i'ts to. • . ,'t l he iton-idto st nr-
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Tn better niisjerstatsd this, wanshann and Use rcUuvi; roles to
the iostohzed and guided rHodess, m? consider the fceqneacy-
dependent, absorption enhancement trie the T.M p»kma.tmn-
with a iixto.i grating period to- 300 nm ans’ hs'ight to'-to nm idiiie
changing the. widds of the grating «;.«» from 40 ti? !-'!C nm. <t« in
Figure 6. "Die dashrid and .sniiti linos in Figure ts an? a guide to- r.h<?
eye depicting the pealr value of the osiharicenient lor thft
propagating waveguide and lc;c;ili?.ed modes, respectively, ’i'he
additiiin of the AR coating in panels c and <i n£ higure 6 greatly
enhances the shsrupticn it> the pnipagatir>g mode for ail stfip
widths: however, the isKsliaed rr.'M.sn;isU.e is greatly suppressed
wh;.-n the etoift’miai AR itoatsng is appks;J to ths striuture with a
SsQ?. back support. We boiievo dito Hits, ts shit, to the siguiik'.mtly
towsker c.r.«ifnir.'ni>rnt of the resonance in the Si. as depicted in the
insets of panel-; c and 4 ot Ftguse 4 which bec.omtw even srtsa’let
within the Si when the rnetaHic; strip is coated with a dwhctric.
For the SiO.< back suppori. structure with a gu-tn stop width, die
iiiaxirtito'i absorption enhancement shifts from being caused by
the localized resonance to being eansed by ’die waveguide mode
with the .idditiots of the AR coating. U. should also be noted that
aa the grating atrip width w reduced, the locafe.ed restirunee blue
shifts and approaches dm frequency of the waveguide mode
■withit? the structure. This overlap can lead tn increased absorp-
iir>r> as seiisi in Figton f:e b'rir the si.rutti.ue scidt the Av hack
support, the additinrs of an AR ttotiing does not appeal io
signii’camit the absorption caused by the, localized sisr-
tace tesonan. u

Oto analysts can he. extended to three dtawfcin£ totog
gradfigs, that; have “periodicity in tws> diicctirms, wlitoa even

<&<i&i.o«toti wzto!wis";ts yaw* iswxxsx sir, ixsi-fisi
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Abstract of JP2004273886 (A)

PROBLEM TO BE SOLVED: To obtain a large-area crystalline thin film semiconductor
device, such as the solar cell etc,, that can achieve conversion efficiency of >10%.
:SOLUTION: The crystalline thin film semiconductor device is constituted by forming a
conductive electrode layer 02 on the partial or whole surface of a substrate 1, a barrier
layer 3 on the electrode layer 2 to restrict the diffusion of the substance constituting the
electrode layer 2, and a non-single-crystal layer 4 on the barrier layer 3. The non-
single-crystal layer 4 is changed to a crystalline layer by annealing the layer 4 with a
laser beam or lamp or the semiconductor layer 4a is formed in a crystalline layer.
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HO IL 21/20 5F05 1
HO 1 L 31/04 X 5F052

(54)

SfisW^ 12 O L (± 11 S)
(21) ttigBS^ ^2003-64570 (P2003-64570)
(22) tHISB ^15^3^110 (2003.3.11)

(71) ft® A 000005120
0j£BBtt5£^tt
MMtfli-FREEA^ET-T§ 6® 1

(Wvcma E^cDggKCT^o.^c^aie^
ft® (WU 4W«fr^T^- •
fit

0  >*:IW

I3O^©a^^§iJ5 4)ffl)

(74) RSA 100116171
#3S± )l|®

(72WJ1«- IBS B&A
^^gCAREEA^ET—TS 6»1 B
SEiOltts^ttA

(72) mH# 1W-
M^ffllTREEA^ET-TS 6® 1 B

(72) mS# ffi-4-A i®
^«gfAREEA^ET-TS6»l B

(57) [jW/j]
[SSS1 ssmsw 1 0%-5
A^WiWA £ lW®tg t T
s
[WJWS] l±?W35t

0 2 A®j£ § h-. T)±§p 2 5- ffifigT
£WST AiOt&«T £ 21 £ SWt LTW5tiOf

£<?) F.®^kWSt)3Ft)W4/jW£^i'L
s A—r-1 L < (±T > T(c J; -o'CT

>'C\
/A t L < SWS4 a
TWttT-So
[SStREH @1

( a )

4 WffiSt'>'J=i>«

3«nar
2 KBiVSn

1»«

(b)

4 aefi->U3>M

2

o 7»vaiw
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[SWBl]

■B m BWh ^±SK<c#M
eaimsn. f—z-b l< it^yxxzi. xr-->m x t v

T& Z > £ Wh
[fWS2]
iwi i v ,

isw^tut)£u-1 l < tzt± y z--
7U$n-W£ ,2 k ,
[HWR3J
foil 1 X«2fBtfcOte0B0BKWfr^®(ztoV^,
_EET-WW^\ ±§E«S® t IMWCffiSlX i Z k &WS t T6
■„
[M5IR4]

MsftiM 1 -3 Z)V^^4zKKofeHBBBK¥W*=gBUfev ,̂
±iemffi®Z):ZSXi±--SP^\ A 1 t L, < UZ-O-fL-^W-cJ; 'XWimX.r k Kf
a k -r § sswffi w w®.
[MRRIR5]

sfWM 1 -4 OV^J64Cta«O^^T^^KKi3V^.
[KSR7B6]

WiRJR 5 V 7-t,
±iew*JBii. »zs±iWAa^>^, i j^xz-ewz)

(za v . ShWW'm lxa l . »
£: t^ea^T^MEPnSK-WfrSSo

[H:RW]
MtRJM 5 v 7Z,
±O^SraOWlW4X 0?4J4±*x ±sep— tr-t Kttyy/^

L< Ji^TZW^LTA 5®4®cZ^[u]£XL-C^SX t £?$a

[gOH8]
fflijiil 1 -7 CAV ,
±S¥*IW<7)±®^ffi t L < li'J^ < h £>-aux t

A > 1'ifWt T-5>feBBB»m4^fr
SI.
[iiwi9]
IWI8 3E®Z)»BBBfflK¥»frSg®(Cfe v 'T.

ztoo. zwKitiWikJsxxsw-stmffi^^Mafixvx t &txsfeBBB?ifi
¥W#gjBo
[iiWJflO]

MiRIi 1 - 9 «V^tL^42E®«f5aS^¥^^®7t3V^ .
±.ie<@W#A 1 , A g , Sb, N i , Mo, T i , Pt, Co, Z n , C u , Au, F
e XliW, b L < U, znh Z t wat T-BSSajlKT

[fOiRll]
fftftJR 1 -1 0 ,
±O»SWjx BXftxynx, f{Eyij3t, V n X, ITO, KftWci, St
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[SWB12]
5»iii■'-11t
-B^e«a±s®o

[0001]
[^Z)R^KffrW]
«i, Wfr*T^oSaa0j»)l^Sft^Ei3±S’ft@m93gg(c|W

[0002]
[ffiswon

11W, Jr-omAlimr.. CTZ{O'5.xSffi±^(c^Un>fe0HBBK^3EMTSCT^
mtm'MTOS 0 n>£0saSK«ffl^«JA< ,
WA4ZfflT F T, £ h m &.
[0003]

WK±Kiftf6«*Tii, Sffi*«®±.lc®giZn te MWJSiim LoMi/ 0 x >
MKOMU finz E3S o
Z Z)gf*y y 3 >3® *ft®OWT(zffiy£ Z t U J: T > 9 n

h & -> x i t>wi§ nT, § 3 ,
jnfcgft& z h #rs &» zzwmft<^m3RToz.-c
ia*<, ft* >--t^<z)ft^^K^jsffl3%> hwsnr 0s.
[000 4]

£<Z)>U3>1g(O;‘C^^Fl±. HRWtT^XvCVDUJ:oTMfefiy-ynyjl
S®±UfifiTfe0a0>9^Z

awsiifiu t^otvct;9, finxtsnws.
[00 0 5]

77X7CVD»MftfclWs zKfreZ^yWWyx^ 1 5
f&wm±(Z-SJR u y° y XvKfE^^Stl & 1 0 m T o r r - 1 0 T o r r ,
r I ' 0 C- 5 5 0°C, Si L<{44 0 0WT««mmj»H. 4><.(2 J.
’^cfeBaBttz)>uL^L.

tm. *
TIO»WlWc (2 F - E y Z □ h flg^fcfifFT J. Z f13 O 2 t *> 3 .
®3X MtUWI^Z>^P*;PT 1 0 < ±®&Z t JiHKTfc
oZS.
[0006]

—7r, u—yi-O7g£(3J;^'CfeB0{t;T^K^ta^^§^Ti3l9.
j£3K(7^^BH>h§ii-ZO‘S (FUa\ Wlie®. ) . Z^JrigttJSMSSit
#»y 'J n yfcm L, ^4£oWSft®£»O Z > T^fe0a0> 9 n y«l:«Bi ■
fe0HErftTS tm\ jfeO-fB]tz#VMgaW^BMZ' +i-s Z > Wt£t L’CV '-B „
[0007]
[WiWKl 1

SW¥2 00 1- 3 5 1 86 3^-&$g (IWS^O 024, 0030, 01, 02)
[0008]
[ ^WjW?*LJ: 3 t^S^®]
L^L^^'3, *W-^±RF®H!!OML=t 5 > L/2®^, ±BLZi®^»P—
Sic J; -.> X fees'ft.S&Sffifcli, '<Xx>i 5 %4SW'£>a „
[0009]

Zc7)k-*-Z)jtSlCj;'9Ze0Ha'fLTSSi£li, TFT (Th i n Film
Transistor) & gWlCif-^Z^VZV 'Tj tOTfeSo 7-s. 9 , ffiSTMTO i'-Y X

TT>9, i^yynyil0±B:WW6W^k —±BW®StlRl
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[0010]
LZp-6 (x 9 y L, ZcOf^HaMtX'ZrX 5 t, Al =fy)t|I®1?r
aKWKW3yW:ilfl(L yA4x«lftt£-lFLXffiTW-B.,

na i o%z ^awimn tz 9. sw-i->z„
[0011]
JtKcoJJteJ; 9. iS»*±®W?fiS-®fi£i-SXazfi.^TXKffiTaX3tZX&-oZ0
[0012]

*wna. ±iSi®@aai7y.TX§^Lz)Tj>9, ^wi
j£TX L®l> <D
w.
[0013]
[fJRffl £■ S&T& fz^) W ]
±teR0<JS-»fi£T^ZZ), JMWi, IXcZiOXttJiELZLcOTfeS.
[0014]

McRif 1 ®®±co -gEL L < a^SI5t®®tt£ L ••,
mswzwt$;h., wattsi i t z lx
W<£nXIW>®WM$tX Z«±®!4^WfiuHu®WfMTtU =g^WfiaaaJ15rL—X'
—i> L<Ii7y7tx-?t7--;ns
L L< aS0B0ffi^^L$fLTX5t#f*®£WTX ..’. > 14WLT6o
[0015]
owz »®±co-3i5t (»<«■)
.. z wz -r z wmcosa & »x z z l ■■■ s ro t l t ®be $ titz es.®

±32Ffs
i' l l< az >raz ->xz tr. s
t l< afeHHBm^fk§nzr®Tfcs 21 .

[0016]
fWH2co£m£, IWciM 1
aHaW\ r-k L<ii7y7Ki oz--4z$n'wsAht-ie
iShZ-S.
[0017]

WifciR 3 cosym. ion 1 xa 2 3ii»z)feHHH»®^29fti§®v x. ±Jl!¥»&w
, ±.K«®» (MW®») t«M09ZO!6LXvi£W®LTS.
[0018]
»^4co^(i. iiWZB 1 ±iE
MffiJlco^xa—W, A 1 t L<aXCD^ftjXJ;oZffiJt$nzuS
■rs.
[0019]

ffljjtiM 5cW>L f»JB 1 -4 AJXTft*42KKxfe0BaWKXSfrJI®ac!6OX. ±tc
a l „

[0020]
3MtW;X3mX 3OiR5 3sac9feBHBfWJKXW^SSZ.J3tX. s®
X±®ZXJ!X:i|£\ ISWfrJlxaffiXftZ 1JZXXXWXZJWEZXcWiOTZii
v x, l x a l , a-? z co jo a s ®mri»j ww s iso
W>i£ LZrt X L S-cfW L XS <.
[0021]
it^M7<Z)^a, 3OiM5 3Bffi«fe0a0WMa#f*WZi3yx s
a. SffiFi^cOS OXIZJlZL JdEL—X—L L< aZ>xXZ!3lX4iXZr[H]t’iLfiXi:L
L < LT 4 5 W.facoXftilSX'LT VX A > 5Xr®LTS.
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[0022]
fWH8<z)im± IWR 1 ±15

L< 1i>-SlStz.

[0023]

±gP(c, W7EC7^LXSBlT'±S^BftX)Ktlf5±.iiWM^±r43 y , ^^fPJj±
,IBX)±gm-----§R^<S (® 0 ±LBS) 2 t £ W« .
[0024]
ii±JIl OO^W. if«JMl-9O^r±MciB»«M000WK±®fr=ggl4f3t^. ±
fBflfiW (JtffiWfW) JO A 1 , Ag. Sb. N i . Mo, T i , Pt, Co, Z n, C
u. Au. FcXIiW, bL<!± Z±A,C)7LfR^#±77:'{t:'^^Oj®SZ t

[00 2 5]
-xm-t itax 1 oo^-r±^!ctea<z)S0BB»K±^#c^®i2±^r,

±O?^W. Rftyynz. llty'Jny. ITO. Kfl».
±X>W®<0t <3fO Z c *-W®hXX o

[0026]
IMoBl 2^0JKz^£±®tEX)£jHi± »>H1~-1 1 O^-r±^(cf2»c4SHauSK¥

t £!»t±so
[0027]
<M^,>

S®±c> -S|5£> L< bc><ffiW>
b£X±. ±O±g-EtWttJW^»fi£±Sfe®<7)tga^®JRB±S Z k £ BWZ LT®fi£$±fc
PtS®WM$±. Z^#Wis. ±

U-X-1 L < I15ZA:lot Z--/UTB Z h

[0028]
«Km7itm'. 14±x±t^--^z. . z±^s*±S4Z^xms®tt£-^

(MZmgEaxUnTffi) HSilc. BSJfk,
±, znuj: 9w®JW^m±§7±wiwwt"z^rxprcfeBB0zy □ xigoMffifflitffi

^ffiStfelrXy TZT". Z<O±3!z
LXTsm§£mixs®x y o x zx. ±n®w, seesaw xo
iSnW£*±® WA4 X c t S o
[0029]

±fe«ms®m7E*x\ 9«k« 
, PtBJgsWUZ->TWffl$±So feHHB> y X.y®±fr(4^aK(z7j<
$-t±x z kx<. ssfiyy 2 yi^Btfis^wasmyetMms

fe^PsTy xyg±t|fe^LZ:®®W^p§y<OF-^°y b t LZffifflTSZt^T
U. Z0^lt±H®ft(OBSF (Back Surface F i e 1 d ) (XSffl
•/■■'■• ffiJWX±y X y .
[0030]

±E±2SWiu. s®o±ai^o^s®, i
W£l±<o®«|Ajv^t. LXVmmL , *lz±{tsBf
kyr^-ov^ja. ras

<»£(®z^nW*SK¥W;*±t LTfflfflTSZ S „
[0031]

Z«±A'4xt-±Pi®[f!Z LTS«U£g®±=gB£-®^±£(c{± ±fB¥«fr
.(■o±ssx. »roi<9¥WJf (^xowfW) «rm<. znti-xcM

SIONYX1403000020.0070

SAMSUNG EX. 1002 - 1781/4148



WPH2004-273886 (P2004-273886A)

hwhcop nwWMx
[0032]

Hl ( a) ■ (b ) TTT4 5 A^TWAffifigALA-a
. tr. «s® (jw®wb) fc&yyamciito

(WMOm) 3£W?>
. ^o±s^few>''U3>'W4«±5^m£ta^U3>.Ji (ma«) omu

Jti OTI47kX’— 1-A£. 3h>*sakU nyJBtt?L(TfflT S r 11:J; o
AfefMBAA. fen^U^yJK (WW) 4am. 2XfenBn4A®. Bffi®2t'ffi
JST^fc^AWB® 3 V =? Mffi4 aOaMIJtffiXtifeAtHTL 1X

. ms®2 y 2>JH4 aitiwoom. -:m 5izlatsk
ittS^ffiffiL^SAS'y a> ASHiW.
?W xOMTL 2 t XTt a.
[0033]
4-wa OTm<(L s-fflKT-a. (rco«±tmffi®2^®
m. -CTiLTA WaiAltfi^^iUWSLTbS^ toffit
tSttt^#t^^ltS^SnO2 . ITO^MW»tBL
TaWSSATTSfAATLJan d^a. W^B3^ico«flEJW±fc^TS. txlW
B® 3 LL -CTE LTBWU U n yX^ftA U n A £fflv X 2 L L.
[0034]
2to±®^wsA®. -CTt imiyya^mn.
Wffitfflv raBWaL-W LAS KATA t JE t A W WS.
[00 3 5]
XXfA k-A-LLUdyyrXWAHtt?- SAfc (HfeAlL) ^AA. WJWO3
m. LXLtu BAA K-tt''Xl'tfA5AWjUa>^tt. 4KA©>U=!>jf/i
ITW'-tA^WU. LAL. m^LAfiii. ityft
At J; -a tMv\
[0036]

±Offish
A-72 <4 X£fl^£-r61Jiu —'f-£fflv'6 ’ h Lva 2 <Z) k- A-1JiS 2 S'A
AM®«k—A—£W&2 UAT^-a. Aw—CTZ UYAGk-f- (Nd : YAG
) C^Ai«S ( 5 3 2 run) YAGk-f-lis y7k—
-A-HiSSA0mAySSTfe£o i£g£ WAsA^TAj S 2 t A A. 7'kA >A
4 XUA§ AA U > U n y A MtS 2 t AXA A.
[0037]
AXfeAmxliUJi, yhAirt-U 3AJB4(XA ^^AA^acxX/kX-AXA AZvA.
AAXA/kX-Xi oXIW® 3 ATAS)SUS® 2 XtxX/kX-AJnt . 2X
xA/kX-ti -o X, mSSffi^x*AP*g® 3 A?^®HX^&WSz 9 n >®4 AtfS
AT-§>. LA A 0. X xa^UFf^S 3 WM L ,Kff X J: 7 TSiJfl $ ix 2 L XL.
AAA 9 A y®4 a A(*XB5aRti)<§-AS L L A< . U n y®4 a7)affiffi}E

SLJz. ifeSyVnyi+itijv^ F-Aybh
ASA*. CTXK'A 1 t-fflyLLLT. Kfixyyy®4 aTXffiffiLABffifiXpSAO
K-/XIXLTffiUt7AfcMA3. AXieWA A®M?fiiOBSF ( (Back
Surface Field) (XSfflAX SAA. iSSWATV A U XSKA®m?ffil'
iWAx £> L.
[0038]
LUlXA&AiuX. TtWffi£«ZAflbfnirAA9 A9 nyil¥«ft*f (Hl ( b
) ) OMTLA LAT-AL.
[0039]

U3(X 2OAX4x^A®<ifiL LAfflA-atii. 01(c) tTTi’Mx
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> 9 3 vSWxftSM, Mg ft® (® ‘.co Wft®) 51- &
. (^-coftWftg) 4ahmS<m«Jg (®Z<0¥
#ft®> 5h«:P
[0040]

LP-CVD (MEEC VD ) , XtMftMWb
fi!LftftMTJFMLTL±lV tfc.. P-CVD (75MCVD WMMiKfeV
'JnytKIi^yU  y^MLTt<tv\ §k>kk ftWftWtiMft LLSSL U
□ A< WMTVMBtft,
®<7)Szyrj>^^ ( S i C, SiO. S i N) * MMTMMjgftt V L LTt

?ma 11 tasm nxc .
[0041]

V co±g?U SHfJ ®®g 6 t TO 0 ft Lttffi 7 L & S ®®g £ mt £ g L T,
h-r-g. g ±M:T$ -6 . LMWBWB6 (4S^ttL WUttSrWTS L^VfcftftftVv’CL
±<, WJfITO. ZnO, SnO2^mMM/m.L IX 9 ft L<®7 k 5rS
IfillcliA 1 LAlv tlAftioTU, !S®JX0ftL<S7S-
®®<Wjft»ft®5±ft®s£L. JX0ftLBffi§mftcD¥»ft®affift{4S iOMS
i x N y^DA’y MV-V 3 £ k L .
[0042]
LcoWftLTffMLAftSfiV U M'i®L. UiMftmMM
LtWvM LMJM»\ TFTJMWMS, SO gBaHyy J

[0043]
[®WJ]
IMF, ftft, iy,T<Z)WffiWift%BJ7i—fX!l£rMtt<Z)

[0044]
WJ1]

^v^mtYAGu-f-t^izdgiftyynyjii&sm
LMfflvMgjfM U n
[0045]
t-r, XMMSKft 114®WW 2 k LT A 1 jlK^ffML, ^coftgft^O 3
S. 0 nmCOS i C)2 -f MlJKtL P -C V
Dft&B'MMIy'J 3>®4 Sr 1 zirnffMLM TcTBrHi® MM > ® 4 n
> ft TU p ST) F -71 y b k & ftn A Sr K -1° A A' L T £3 < o
[0046]

ftwwrm b'-Ay bco?MAt{tL p - c vd wtftft F-eymm>ft7 >
(B2 H6 ) Srfflt >£ro L^BhWL'J 3V®4T)JTMfttt, LP-CVDOMW.

WSrS-MTTTXliftVfeWLMftOiMiftSrfflVTLJAV c a
t-CVD , P-CVD, MBE (Molecular Bea
m Epitaxy:#f«lt^y-) . Az 3 p A >J > . £
7c, F-t">M"cDft^L LW, F-t-yft'Srtt^iAM^VffML, MifMftVfiM
1AZ-.Ui oT F-1" > Z" Sr ftk£ -5 k k L „
[0047]
i^WltYAGb-f- (Nd : YAG) cOffiV-rSlM^ ( 5 3 2 nm) SrffllM
, yBWVUvvSdiO^ft^ft^^Tr, MYAGb-fMB'«. S5BBHft(i

[0048]
feftltSftMWKL U n>!4 aU, fcft J;8 0
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S E Mmi/T E Ml^u ± y X , fenlWtfc V 'X . L

iiXv i-B E k/WJM’t&'ifc. EtUi&itt'r&jyAT t &
T'ifTL, pnS^iV

ilk ’J < < X L •etMWx^/kar-, E b <
WtT^KfrfWOWirAELT, . Lfc^T, EEWj

LOtNi®£ WL06 E k *JK
ism.
[0049]
E X> J; 5 bi LXJFM LOiiffi JJz, § 6 tEl 1 ( c ) (OjW4 5 X-, L P - C VD £ffll >
timy-WHOm n»fuy'_WI : SZOYSft
®) 5 £MLO 2«WI± 5 o n m k LT, § X(CfWI®±M t LT T TO«5t
K (iSW®WB) 6OML, S^tlRDtHLfflA imffi (K0tHL«®) 7&MLr
, LO„
[00 50]

Mifc«J±{±6 2 2 mVT'fc 9 ,
to, swm

JSW LTV WSTbiT WLTO I - VRAM, W h^fzk X 68 0 OmV
LJ.±T)W^n-ngsam»tt^7KL. Bjffifituo. 3QCm2 t+^HEKvMrcfc
-T:„ 202^6. 9
, U-^-UJ:->U n- h^'r
^?E<,
[00 5 1 ]
tZi. siMSftUrCKUyW) tcfcO. KSJB3^iAi7E*^*t®AS

OffiKOfiTJiA 1 X r 4 7-M-LTO?, L
o

[00 52]
LT^’TXSa 1 CDftb 9 y ArMfttl

TrfLLlrA^T..
rfc6LL^'WSr^A:o
[00 53]
[«WiJ2 ]

4=W»m±. «fflW2l:Ag, Ki«3l:SnO2
SmWf3O||ffli2 0 nine L^o 6^11. W W11 tffitWMIiO .
5 Q c m 2 k -HH:®' MfiT'fe SAL X a
[0054]

E^EIWBUdWJf 0 3 b: I T(X ZnO, SiN, Si ON, S n O 2
L , 1 Q c m 2 14TO)+6T2fiV WCM E k WBT* ?L o
[00 5 5]
i;E. IffiSStKIUl. Agwffltk Sb, Ni, Mo, Ti, Pt, Co, Zn
, C u , Au, F e , Wt-ffll ^±S#(C L |i««SW:O> y kz o
[00 56]
[WWJ3]
®HcO|M»l Lr H 2 i XIS0IT 6.
[00 57]

1 02 (a) UfeOT, gi-r, TzzAffiOSi
kzA 1 MHWSW0 9 HMU Kif 1 0&s i o2 TMLZ:. -tC)±.gPb2AM°.y z
y XX'(Z 4 yX XX b—'J n >® 1 1 1- 1 xz mffM LT „
[00 58]
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02(b) C/St/yF-
fXSbhX ft ft yjg 1 1 a t Lzx
[00 59]

1 a±fc.
ftft n WjWSeFbX ft ft>JB 1 2«L ftXigUXA 1 'BffiJB 1 3 £ We L'C I - V

’ft. P
ft Xft riy®4A 1 //KffiLT U fty®LftyoTXft ft L mrtfc.
[0060]
Sty 1 x 1 0 1 2 3 2 3 7 (atom/cm3 ) ftOtTF — t°y X LXftFBn®X ft 

i a®
2 (Mffii&ffiJil)
3 KB®

1 1 M®lffllia?«ffiXpiy® K-b°yXXnT
a ft ft
[0061]

L^ftS^t^-bftzbft Xft fty£pBWBW.L LZXlHrlXi.
i'fis-r ft b s f ffin t' (fstft ft h t/r &, a®osi «wf &wr ft ft t />
Wft ft ft ft ft MX p iz,
[0062]

S^cftft LXfcftXL ±i£ft)S®*- Wft SftFXMft ftA ft ft'-ft
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(54) CRYSTALLINE THIN FILM SEMICONDUCTOR DEVICE AND SOLAR CELL ELEMENT 
(57)Abstract:
PROBLEM TO BE SOLVED: To obtain a large-area
crystalline thin film semiconductor device that can achieve
photoelectric conversion efficiency of >10%, and to obtain a
solar cell element
SOLUTION: In the crystalline thin film semiconductor
device, a conductive electrode layer 20 is formed on the
partial or whole surface of a substrate 01 and first and
second silicon layers 04a and 05a are successively formed
on the electrode layer 20 in this order and annealed with a
laser beam 06. The first silicon layer 04a is annealed with
the laser beam 06 after the layer 04a is formed to have a
smaller absorption coefficient than the second silicon layer
05a has in the wavelength region of the laser beam 6 used
for annealing.
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Abstract of JPH06267868 (A)

PURPOSE:To industrially form a silicon oxide semiconductor film having a low light
absorption coefficient and high photoconductivity by resolving a gaseous raw material
which contains at least SiH4, CO2, and H2 in a state where CO2/(SIH4+CO2) becomes
a specific value. CONSTITUTION:ln the method which is used for forming an SiO
semiconductor film composed of a-SiO2 containing a microcrystalline layer of Sr the
SiO semiconductor film is formed by resolving a gaseous raw material which contains
at least SIH4, CO2, and H2 in a state where CO2/(SIH4+CO2) becomes <=0.6. At the
time of decomposing the mixed gas, it is effective to generate glow discharge in the gas
at a high-frequency power density of >=40mW/cm<2>. The formed SiO semiconductor
film has a absorption coefficient <=10<6>cm<-1> against light having a wavelength of
>=340nm and photoconductivity of >=10<-6>S/cm.; In addition, it is effective, to use a
p-type a-SiO layer 3 or n-type a-Si layer 6 obtained by mixing a doping gas with the
gaseous raw material as the window layer of a solar battery.

http://worldwide.espacenet.com/publicationDetails/biblio?DB=EPODOC&II=0&ND=3&a... 1/28/2016
SIONYX1403000020.0089

SAMSUNG EX. 1002 - 1800/4148

http://worldwide.espacenet.com/publicationDetails/biblio?DB=EPODOC&II=0&ND=3&a


Espacenet - Bibliographic data Page 2 of 2

http .//worldwide. espacenet.com/publicationDetails/biblio?DB=EPODOC&II=0&ND=3&a... 1/28/2016
SIONYX1403000020.0090

SAMSUNG EX. 1002 - 1801/4148

espacenet.com/publicationDetails/biblio?DB=EPODOC&II=0&ND=3&a


(19) H (J P) C1® & U rF CA)

W^¥6-267868
(43)AMB Wt 6 *£(1994)9/322 0

(51)Int.Cl.5 F I
H 0 1 L 21/205

31/04
7376 -4M H 0 1 L 31/04 B

WSiW# m^W5 OL (£ 5 »

(21) th®## W?F5-54433

(22) til® B Wi 5 *£(1993) 3 JI 16 0

(71) th® A 000005234
W±WttA£?tL
W^JI IMJI l*$rU 1 S 1 ^4

(72 WJ}< 4? > -> y A + ? ') -y '7
mu ibj i i^m jii^BHa^H i # 111-

(74)KffiA #ffi± Ilia IS

(54) KWWim

(57) [W^j]
[ SW ] ARSMt L tffio,c A£
JOntTVY FA'v -yrfEAS t £(cffir-ts a -SiM

& A WcWSflHET S.
[ffm co2 a (sih4 +co2 >
0.6FJ.TtLA (CO2 +sih4 +h4 )
MW'iV-WMSrSATyn'-iifclKWrsi:, SiOfiti
mffl E a -Si Offl t LTFa¥»«£14

CWJRU, IO"6
•:\ nMVfOAlO0

IO6

4
IO4

3.82,8 3.3
it l^iu+’-CeV)

I 0s
2.3

I 0s

1

12

------1-----------------------

II

—1-----------------

SIONYX1403000020.0091

SAMSUNG EX. 1002 - 1802/4148



[^MTcoJEH]
[SWfll ] TA< L tSiH,} , CO2 A#

7/. CO2 /z (SiH4 + CO2 ) OffiT'O. 614 bX’A-S
^A'xcoAWU <t £ k k i W t TZ> y U =1 > coBfe

e y y n > a-t f ± o * 6 > y  y

[IWW12 ] 7>AA/XCOAfj?co7aT(C40mW//cmt4±X)
a » W-MTWX A hz /d-KI A
6 !iW#I1SEKco y 9 □ X X XT 4 F wwmusj
i.y
[WTI03] f#A>fL±mX340nm Ll±c0^#c0AiC#T
£ ffiWMftT10B cm-1 J4TX5 MOT 1 £> 5 V Mi 2 sa
tt0y y 3 xffiXTA Fffi#[«ScOj«OTA
[»aRIR4 ] S/cnU4±X
SAMOT1 . 2 ASVM.i3Kfficoty F
AWmxjjS<mATo
[ MOT 5 ] WWx lz F -t° y y'fix £ ?1 A L X f# t
totp^MWin>#W±l©<®cO;gJli: LXfflx
SMOT1. 2.
F¥«W<ojO(4riSL
[AXJco=WA»
[0001]
[SSLtcofflfflAW] X^U. ^fiy'Jny (UT
a — S i k sl'/F'; X A1A3Lc9®H k LXjSLX OS >y
n>XA-Af F¥W«7)O^ffitW-«.
[0002]
[Ogcogeffi ] EWWn-K<ASAAC VDft
iZ J; W5tU a -Si£±W4t l±d*©B3
K.
® L X MS § itX V‘ & „ 2 coHcoAFIB® coffiil k '..
Wp i nffi'ASOTTS P i n^a~Si±|Jg®W—®
WXJ) -§>. El 2 &k CT)i 3 A±l©i8®c9®tL. A
57X1HK 1 COJAX S^TKaS 2 . p®a—SiH3. p/
i®®®4, i®a-SiJW5. n®a-Si)W6,
ffi700®®T£2 kA J; y W^iOT. t to±|®«
®i± ^'57M1 SrMLX 9 AEAA

[0003] 22T. KASOTA S y y F A-v 0 7(d
±E i J1X%£ L. p A JOT n HUA 7 b* F4 A— A A

fiAOT. H2co± 3 UpH33AjtnsA9ft
-§>±I©1B®XOT mrfcfc6p®0WWfi<
U X SATA < <7)Az? i ® 5 iXJ'JjSX£ « X 3 (X
T & k k AXA £ On $ X# ±X®WX S> 5 „ A <X Ato
(cu, pH^TAA-xAEg t-On^ATA^KiRn
x A § < k k ?> WM’ 0. 2 co ± 3 S
P^a-SiJIbU blJZUWIWH356-64476
3Wi 5 0 , WHHHS57-181176
#^rcAWiJ; a uz o, iwsf@56

142680-54AffixAUncOl 5 (CffiffiMTAffiJllLAc 0 .
t XUF5WHS58 ---196064# Affift V MS WH5BS61 2420

85#AffiTAttco ± 5 7- k m*JM7- iSstlD L tz
y~t6kk AM# y A X # S „
[0 0 04] ®i£X{A -T5HHHg64-51618 #Affi
A AX± 5 A E C R - C V D&iz i 0 . A a V MSTechni
cal Digest of the International PVSEC-3 (1987)p.49
AKftSAXV 3 AX5XVC VD&Ui 3 . S4
M7-£»I LXe9basn® y y n F (OT a -Si
C kKT) k tmyiLXU

a-SiCffi#SiX)W§nHnffl^##
21U J; A tK^WA3S< A 0 . «MW#ttAM£FX
i?> s,,
[0005]
[^WWL± 3 isTSW®] ±MBOJ: 3 (2a-SiM
KASioWfiHBBffl^#SAAXi:U. 7-1 F -X’vyXT
mrWcffiTaWX?- 35-fln LATl-A-t ffiTT S
$■ S co X\ ±[©18®)®® k L X co^tt fa_h § T S
cot^rsxfcS A\ Attco a -Si CMcOiSfefFafFTS#
&u, msrn®x#cAo«^ft-xaiaA«<, mw
$■ ato S CO AHifiXfe § A AIS-fBUUK * T'fc S.
[ 0 0 0 6 ] T4&0BU. a -Si.33BcO 3 A,
^0aa® y y y xtw a f (ut a -si o k kt) m£
Wift® L tz, fiA®lR«BXl«:A2»^*X >■ y n
X+M F (OTSiOhKT) ¥>lWc0X3l4EXi8 LA
jOKr££ffi®T£ 2 k A A 7,.
[0007]
[itiat-s ATcoffi®] ±iEco amtz
TA. ±%HJ]cOSicom§BBB®^-^#a-SiOi OASSi
OWfrffico«7ji£U. TA<LLSiH4 , CO2 ±
±#H2 $■##, CO2 / (SiH4 +CO2 ) COW0-
6J4TXS>^JMW#xco#fi?AJ; i, LcoLTS. Aco±l
A, l&#AXcO-WcOAT#40mW./cm2 ElAcO®®^
v7X-®.KX7"n-^11^®riZ?'xffi(c%A$TS X k
A#JJjXASo ±7# m:±ASi Offi^fcJlcOMOnm 14
±.cO>K-X7KX®iRffiBA10s cm-iJ4TX£> 0 ,
WIT6 S /cmbAhX& -S „ J tz. HWX (2 F -1° >
m tun-# L X fA p 6 f Mi ri ® com Aid©
W-fficO®;® k L Xfflt Ikkk A#«!lXi) 7 0
[0008]
[Affl]SiH4 , CO2. H2
±I©^®CO®HO;MT-S k hit m®c0#IWS61“24
2085#AffiXAffiXfc-?>A\ XXilAX#XjfctttC O
2 / (SiII4 I CO2 ) CO(1U0.83XAO.
-Sim. XztU#
L. CO2 ,/ (SiH4 +CO2 ) £0. 6J4TL LA®
A. ^AW^ibEAA—®U40mW/cni2 j-To^n_
rwu omn^mx-u. ^MUKAfwar
XJ> 0 , Wnft-fBlASillL a -Si Offi k AigALXO'
SSiORL A-XC IO’6 S/cmL4±Ag^A#1tW'Si
v ^®iE St A AT«
[0009]

SIONYX1403000020.0092

SAMSUNG EX. 1002 - 1803/4148



( 3 ) WfflT 6-267868

SiH4 . CO2 . H2 f-e/t'
//.ZELXB2 Hs *S0aPH3 EiMlU
sw-tr seitz-et.
SiOBOMLE.,
CO2 / (SiH4 +CO2 ) 0—0.6
H, /Si H4 160—320
B2 H6 /SiH4 i«SPH3 /SiH4 0.08
TftiXE 150 °C
EE t) 0. 5 Torr

50 mW/cm2
03{i. f-et/'T'./L Ltb2 hg
LCep>/BU:&(tS340nm —500niu C0a^C03tXXf-r

O2 / (SiH4 +CO2 ) fjc
#tt£^LTX£„ ®watz MWCWIA
l>106 cm-3 LITTX D . «f < Z i, k»Z L. C tz
C O2 Zs/t// < />§ XT W L T < 4 CL /Ab
We. 04i±. F-E/ZZ/L LTPH, EfOnL
TOI L/i
tt^atztso. pj®tFi®czHrsi£^To
tz p ms j: tx n e e s c a z-w t
T6 C o2 4)gaj£cjt»M7ff-ozsafiZit/Z < 4

•: ’ / . SMIW25—40W%ZX>
dXXL. EBM-ii 1
tz„
[ o o 1 o ] H5{±,
U co2 iTt>c)OnL4±X^BTtfphX'fi<X0.
S51TTT n W/2T-ZT P J; 0 ^W<W'iW

ELZ. ^®W&10-RS/
cmJJlEUffllZSt{±S*JtCO2 / (SiH4 + CO2 )
£0.6 UTk TE Z L #Z<TS> / A « X 5 iz LXIf
LiitzSi ORLoXT ? v > ttSL£ifflT L 12 d. ?
7PXA7 P/6C2Si^BBB«^:;fcETT530 cnr/tiEXE
WW/tL. WSXELZcSifflL a-SiOW'TXtL

Sfc. co2 MBjfccoWjnh
ST. 530 cm-/4iffC)t"--3'<7)5fiaWT'LX<SC>
xw-rsnm
[00 1 1] 0115. >
LXB'EO LOTT SXWTfcSlO-6 S/cmft&z
35ET^OX»LT2 J: ESi Ol«®JK®&»0p
B a -Si Olt JtK LX: k OT-\
^•tf a -Si 0ffiO0>ROm. JAV ifegfeSmm -> W

SiOKOlfilRSftOl

Bftfjo^if > L < wax'* EEL ik fo -y fz o
[0 0 12] 3A, CO2 OfWEHAC/ H2 EfflX.
!£!WXL>HiT3dC)SOWIL LZc L
Cd. W/n7cffi^«<X®{4201MT3o>Z*xf2LZ

b7PUSi^BHBffiOl?T±^^T53
0 cm-1 (tffioe—EZJICT.T. WSHafELTVid'E1/
L 7/5812 $ hfz. C <Z) A L *i A. S«W h it® L X M
StWOZs/T U n L / ft,
Vt PT a 'yTftTi^WMWiSsWCacjLLXLWBT
OfiTW 0 . ±®BfmW<7)Wf4L LXTB^Xcft
d 2 LZT *Wa
[0013]
[^0fj«w] &&m<uco

2 E gms L L X ffl V / Si H4 . H 2 L (C J;
0 a-SiO£j£WtZCLtCJ; 0 .. Si®
feBaBfflE#/v7i'a -Si Offl*/mdSi OK5:«JKt4 2
L *i'T fz o 2 DfeS. ®aiM T (7 ± 0 7 7 F Z-v 7°

0 . TmT//W.Wk/X 0
ZT/TLVi a -Si^KEftd C L ZTS . P d Vi
U n tlCijg® L L / a - Si WJXtffl
ViSXL*i'XT6o
[@wifw*ira]
[01] T^SJIW 9 J® ^Ktz p ®Si OR
L 1O;C) p ® a - S i O IM k <7y$lR$St L 3tx TlPT — k

[02 ] 0)®£fld P®SiCWm ’
k COTT S
[03 ] 0J®EiiEp®SiOK
7i)SM7)CO2 Zx&lJtTW/--7k LE®W
BL aWTT- k coraWH
[04 ] T^coWWWIW 0lM?Mn®SiO

C O 2 zAgiSEt ^ 77- 7 k L fz ®JR
®B k ?A2x T W- k 0»0
[05] X/HJ1/tX Of®Xii-fzp Xtxn
®Si OKOtWWPL C O2 Z/ifiittk OF^ffi®0
mzot™
1 X'a/®®
2 SHJ1BS
3 p®a—SiJW
4 p,/ i #H®
5 i@a—Si®
6 n®a Si®
7

SIONYX1403000020.0093

SAMSUNG EX. 1002 - 1804/4148



ba
 MX

, &(cC
1)

 “A IS (4 ) WfflW 6-267868

[HI ] [02]

IO6 W//////A
n12

5 2 Va-SxJi
tl

3 Pl&a.-si^P
IO4 -

2

1 #’9

3.8

[03] [04]

I o6I 0s F

o

IO5 * a
CO2

IO4'

IO3

$
A

o
o 0.37

0.47
0.54

O o aaoQ
„ c

ro5

° s
? A

S/Hd-COi
0
0.47

0.54

O'1

Z

" 7 < Ji
■^-6 tiVta.-S^

2,8 3.3
< i4iL.+'-(eV)

i 0s —
2.3

0
'0 E)8-i

C02
S^H4+CO£

O°°o

 “C . A
O0*AJi
O A

| Q3 ______ I______ I----------- 1------J----------- 1-----

2.3 2.5 2.7 2.9 3.1 3.3
* L^iL.4‘-(eV)

0
„ "o

B

. 0 n<t 
o

a

3.5 3.7 2.3 2.5 2.7 2.9 3.1 3.3 3.5 3.7
1 14 IL-1“~ (eV)

ol 0s

SIONYX1403000020.0094

SAMSUNG EX. 1002 - 1805/4148



( 5 )

[05]

C 02/(SjHx + C02)

WfflW 6-267868

SIONYX1403000020.0095

SAMSUNG EX. 1002 - 1806/4148



Espacenet - Bibliographic data Page 1 of 2

Espacenet

BibHographiC data;J.P2007180642 (A) — 2

HIGH DEFINITION IMAGE SERIAL DATA TRANSMISSION APPARATUS

Inventor(s): MATSUMOTO HIDEKI + (MATSUMOTO HIDEKI)

Applicant(s): SWCC SHOWA DEVICE TECH CO LTD + (SWCC SHOWA
DEVICE TECHNOLOGY CO LTD)

Classification: - international-.H04B10/00; H04B10/112; H04N21/647; H04N7/22
- cooperative:

Application JP20050373833 20051227
number:

Priority number JP20050373833 20051227
(s):

Abstract of JP2097180S42 (A)

PROBLEM TO BE SOLVED: To provide a technology of carrying out high definition
image transmission for a presentation in a conference room or an auditorium, for
information display, and for an event hail or the like. ;SOLUTION: Three kinds of R, G,
B (red, green, blue) color signals and a control signal are converted into serial signals
and transmitted up to a data transmission place by using one optical fiber cable 11. The
signals are wirelessly transmitted from the data transmission place to a data receiving
place by using a light beam 13. A receiver side converts and reproduces the serial
signals. When many high definition display apparatuses 22 or the like are in particular
located in the event hall or the like and a video signal is transmitted to them, the
transmission place has been iimited so far to a place very close to the display
apparatuses 22 or the like. Since the transmission place is located on one place in the
event hall in the technology disclosed herein and the video signal can be transmitted to
each display apparatus wirelessly therefrom, constraints in the design of a facility can
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TITLE : SWITCHING DEVICE, SIGNAL
TRANSMISSION CIRCUIT DEVICE,
AND SWITCHING METHOD

ABSTRACT : PROBLEM TO BE SOLVED: To provide a switching device that has almost no loss in a
signal transmission circuit, enables to easily take impedance matching while allowing
isolation during cut-off to be sufficiently obtained, and is capable of reducing
manufacturing costs; and to provide a signal transmission circuit device using the switch
device, and a switching method for the signal transmission circuit device.

SOLUTION: The switching device is provided with a movable member 7 that allows a
contact electrode 9 as a conductive member to be brought into contact with wiring sets 10,
11 or allows the contact electrode to be separated from the wiring sets while being
deformed with thermal energy of light by receiving the light emitted from a light source 5.
Accordingly, it is possible to switch in a state that a switch control circuit and the wiring
sets or the like electrically connected to a signal line as a signal transmission circuit are
completely, spatially, and electrically separated from each other. By this, it prevents a
high-frequency signal component from leaking to the switch control circuit side while
allowing isolation during switching to be sufficiently obtained.
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s, m, «zlK®^u-<-ca3&LK'04t^J; 15TMWC
j>s® i a® 2 i o, ii 14 £ yr lt saa £ ht v > -s.
Mfwtii. ajwm*ow, bi □ csaa^nTc

¥w«n-w>Lawannymmm»i4£j'ffiiL, m&ix
fig2^tt 10,11 C.®JJ §n, -cto^co^x^/U^-Ci 050 £ t > l *
-§>.
i^, 3 2 5 n m — 1550 n m>T^ 1 ,W8I2 OW 10,1
1 O^ifilR^MSfWHT»tRT§-6. SC, sOUi^frL —t'Cffi6iUt><OW
& < , MZff LED (Light Emitting Diode), E L (Electronic Luminescence)
W'AiL
[0045]

wjfH i c^i □
WC^^HTIs 0 , Kh^TV>?>.
[0046]
Ll±cDidnm$nZ:T,-y'y«glOMf^CO^XgSW-?>.-. 05i±, Tfyfg

[5IT-* £.
[0047]
i-r, ®SL!cOX4 ■yTfflW®S§CJ:9^5T7b^W^L-'!rT>®®C^^W

WfrL— WJ^iHWffl^LSSW^i&lC, 0U(i6 7Onm«W
. -c LT, »4I«c 1 4 CAM L, 5 4>

^6ft^A®CC^-J;3C5eSatti®14iD4’ra»«l 5 O^$»6!fflL, fig
THCiO, fig2^t?l 3tW§nTV^l«aHl 2

li^s S^LcOgEMl ®mLE#L,

[0048]
T^n-L, fig] W^2^)MWU^n-m«»®5ftWC»o^^T(±’135 4’cDAEPD

, E^r^C®5MT-B. TCDL&, ®l«SIffl 2U^2<?)S5W1 3 J: 0B5gf^^A^ c
<DT, S»®W7,c7)S«2Ca^HTa;>^®l«g|IHl 2*^<7>m® (»C2CitfvMffl)

2<7)W 1 3 i 0 < fWi 5^1^. L7(il35 CzkTJ: 5 C
T>X7-8iD»r«^W2fflKc®^^i 5C^L, ^iD5r»gi5ff7X>$WJCB®5
ntjgmffi9*L 8^10, 11 CKMT-&T E .
[0049]
lt , oms9-Z)WR 10,11 c®»r-5. Lia5c^-r£ 5 c«Mwcti»n

t«io, 1 i^M®ffi9^yrLT^«wc®^$ni>TLL*so Lnci9,/?y
itoi 0, 1 1 4 -/Ay Oi

[0050]
<^C, x4 /TgM«SS®^Co^TW?Ti>0 H6Li, x4

7 a—f- v- b, 13 7
txiasuse2e sTT)®m§$-twr-s 1™
iaT'fe^. pSL E!7WEl8UEIlOA-A^Bf®iaKX-9'^§raLnLiDT'fcS.
[0051]
ir, r = 5. 7 a t 1 MH zCOh^B-^^} 5 0 0 /« m

LfctWiaffiCT i 3^C£ OfiW,L,
|'P^-->ALT|37 ( a ) t^ti5tKMl 0,11 ( ST6 0 1 ) ...
MftWCJi, ES lOtEgiua, Jgsi^ffi9co® (m4*«x|ft£rm i
srfflLtm^nTv^, x.A“.-/3,c®F>n^Lm"U^<, -y
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0. lWl§#4 0 0nmv ±9
ttt L- < U4 0 0 n mfl 2 . 3 L >!?£. 1 5 CWS... t tz. 10. 11 <7)«
fl (> A 1 , Au, C r , C ii , P t ■, A g T L J: < , A 1 - S i - C u L =k V> 

[0052]
M1O37 ( b ) 7 t LX0S 1

#ui oi o, 11 5 £ 5 murrc (st& o 2 >., . s i t>
«T^<. iriSbP'xb. Mttttlcii. s
ttf 1 7 <«1 7 a #gE& 1. 0 t 5 £ 3 IC. t S 1 7 (7)

7 bLi . ffi]z.ffl37 (b) fcSti'jfcimi
.AfUcJflX ffiffiJll. 7O-iSlimK«W«$n.

Sfc£U±£tE8i 1 tr>^-8t*w^£r.h
[0053]

$JZfcf07 (c) (’7rflr± 3 (~A 1 yrji® L. *■•/*
)^—zzyiS IX1 7 1 7 b 7> X?"8 ( ST6 0 3
) „ -rC0T>.Xr-8<7W5a. SLWtliESlO. 1 70Jmin
ztz l or s>6y.. ttrwrsm i 2 p rz7^9L^wi
rixtlTrr Jap itz. LXU. AH’im^M<Ti
, A u , C r . C u . P t. A gCAffi, A 1 - S i -Cu<k < . 5BCJ«Uj
SUWfcl .y^TL ± Vb
[0054]
-e LT. ttttJH 1 7£0Ulf Au — G e^XA-.y Zfci 9l£J®L. x
±-zTLTitfttr^ws^m-rs <st6o4) « iwk®
9 //®& 1 0 COSS 311 0 a L ffii& 1 1 coOE 1 1 a L KTI. ± z> (cff^
TXp., O4<ffi9 COMAL LZU. Aufl®. Pt. Cu. Al. Ge. Ni. Cr. T
i . Z n . In. S n . G a . P d. Bi. Si. L’CSfAJ-alfc#*
JAC B$im< L 11 n.mLXLZ'EsH 1 0.11 LfSltKS . 6 0GH zTcoaj^JA
W4 0 0 n mT35Z L C o/pP.iff i L < « 1 0 n m—4 0 0 n L #Z An^>.

^x7G:/^u®^nsLrr{M'<. *»#wrrj;vc
[0055]
*i3. El7 Cd) 1 7osnci!!l®jmu. rcomtcffiMltt

S 9 r m-r '6 ± 3 (c L -C L ± O.
[0056]
iXK. miXElS (a) fcSrTJ: 5 1 7 & WHsjIW 9 . 7z*-8»lfcS

i Nxi^2 0 0 OfiRML. 8
ef40S^®i:s£ 5 ux-y4-yy'Lr Ar--> yl. §g2<Z)Wi 3( s
T60 5) ,., ^2<7>§PWrflflL±S i f?UiiS iO2£t

i oxNycmr?i. i 20
3 A3 s i c W-t y -y 7 W'JnZ. ± 0 L < KOSttcOMv Mt AT&T'S C -L "C
fc^>7P. — eWScfcM (f?!lZ<f A u . Pt.. C u. Al. Ge. N i . Cr. T i . Z n
, In. S n . G a. Pd. Bi. Si. C^) . Sf/rcO^^T t KflXfV A
[0057]
r<7)fi. 3C0±tMZ{JI38 ( b ) (Tro 3tA 1 2

0 0 n m > % S i 5 (27G >7 J: 9 j« L. M 2 <7)3iw 1 3 h § i 312X .y
fy7LTA7--77L. 2OM-TS (ST606) .
cWflLL-m. A 1 KIWlHcOWWklf. Au. Pt. Cu. Ge. Ni.
Cr. Ti, Zn. In. Sn. Ga. Pci. Bi, Si. C^fZ'£>J:VC
[0058]

1 7 ^XeF275X7USF Z-fx.yypyuj; 008 ( c )
3G>ipr£> (ST607) ., 472. 1 7 mVxX b^SHtT^ZUfO 27°y
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XXWtU, T’+rl'X, iPA .

[0059]
iZi, 0W£;-Z?x®KSrffS 2 0 0 nmrft2t2hHtA§$umLZaBfitt

1K14C. 1 4 tB&R 0 Ojumtmms i
( ST 6 0 8 ) .

[0060]
( d ) (OhTJ; 3

(CT^XXoi.yXXXXX 4^311 6£mL (ST609) , 4««1 5£WB
., 6U, ^QU4 7f*#3«6^2i:M5hTV>5. £0
, OtSJlttffigi 5<W*U, 1 OOjL£mtl®fen^t<Z>
rsi* <, i 5 i 6 C7T -/pKm3^xt ••/J; 3 u

± < , 7.A ■yT^&3^;;L£ Wfc± OM-tifl 0-500/zm
TA'jTI iv\
[0061]
35t^Z(f@8 ( e ) tTjWiot; XT 7m3i«SiU:lR2t-eo^4 y
^^3 £, 4>??gR 1 6 tJlXifrT-S <£ 3 1 5 SrSSjg'g-rS ( S T 6 1 0 ) .
[0062]
)£U, 4W1 1 A 1 m

(stgid. -ecx^s, m<f67
0 n1 <r>i 3 1 L
, ^fflES6 6:V4 3r-z-tf>-T A #> b'V^MWCtg^T^ (ST6 12)

[0063]

R$t3^£«i4£mnsou

[0064]
U±T-X4 y 1 ( S T 6 1 3 ) .

[0065]
. ®8®tt25® 1 4 k 4>»K 1 5 fc<7W^&. ST 6 O 7£7)^0

d^>WtLX25OTt.ftuU XT yfWiOJSltffi

[0066]
T69J;3(c^MW4ciixlS\

-Ui TkX\ WWWb LT^mo 10,11 tffiMS-e, i
/2U, UamWOTTOtt^rtiLZ:. ^X. >y^ffl«®8Sh
»WJ*@Kh L T<7)fgWKt«MWtf£^$n/iBE^t

X/it.± *), >y^>XW)T4 Vlz-S/a XSr+^h
«WjS(3«Wx4 vWJ^WIffl^jgnT Li 3 Xkffi

4>e-r>xs^W9jw-<*s.
[0067]
®C. ^SiTT-zUV-tiO^L. XT

-t^r, sign
xbX)0!Mnso
[0068]

*§M2tDS!^^$r^r-r-SM2O^Wl 3 t ^^T-SiOT,

(TfomiQ^gem o, iwistts-feL i^us£ra?<i>x t^x^, raio. r
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1 ffl . 1gfitS.fi9 Ml L -y .
[0069]

LT. ±9X4 7fyn«
^t$ftS2k^T-XT,. Wb-OrffiV^dhTLi 9 IE® 7ft WWgm 7
tf!WTT Z> -
[0070]
£ rz.os 5 hftts asft$7 t®i

itn ± 3 It. *7 <-W4 TEL L^rC. i 0 x4 -y 7
BBfill 0. 1 1 (CnTitLiAOfl^-L^Sm. <MWtiigiT&^..

OtWftffl® 1 4 a. 1 0 0 Hilf 5 o
iSiS-t- %> assist) t,«r >.
[0071]
i«r. OMI«1 4(4.

&4fLTV^ifi-£ L#L\. E JBBlttWLTUittfMVT
[0072]
H 9 {±. <7)B 2 O3 X 4 -y 7^RcoEI 1 CO A - ASBfffiiaT* S

hi±Lt^wmMtfiux4 -y^s^wra^t
ovrc[aJtti-LT»3WfclS«ifclimT. t.
[0073]
090^715fcX4 -v-b#&3(4, WjgPttl 07 . 7777-8, IS® W 9 WK

ai o, iim-s. «rswm 0 7u, mtmi jo2c» 12, nss-
^Bl,W®2cr)gUW(i. (@94><7)F)

fc^co^lco^®JR^J:9^V^®JK^^*-r^^2co^G (091>«G) mJ.
[0074]
LET, ®2c?:Wltt. (094>CO^0JH) £®t-g>WC

L*9, WZHMcOL•93^11 2 l^-zE’>-W'T<7j^tg£®$iTTV^,. T
biti 0 , S^SWH 1 0 7 (4, 1 C7)^F 4 93fc®
RWa<ir?>2
[0075]
Tc9i5t^irW®.tJ;n(f, -H]W8I5«1 0 7li. a?l<7)3lc®JRe*WT-S®lT)«

«F > , gsi co^:®yR^J; 0 av^®JR-¥*WL .
Lt<7rc\ nJlUWl 0 7<7)»:^^H<T^LL/ji'T'^^>c Gbtfci

9, tt«xOjex4M-Tl-H>A4
T L i 9 IS^T 4 -y > 77/XTig L * t.
[0076]
01 011 3tSS-X4 -y 10A -A^BWHT*■§>

[0077]
131 OtTFTI 9tX-f y-4F+#3H, “JWS5W7, T>^-2 0 8ax 208b. ®

2 0 9St*ffiM2 10. 211 £. 7>77-208a. 208bUBf0fiW
<W»SW 7 SffiS-ffiR 2 t®JE LT45 9. SU7>t> — 2 0 8 a. 2 0
8 b 7> litijTr E L hl Z (17 zz m > * -S ± 5 t A 1 h~ ± 9 $ fl T V .
[0078]
R-ftmi, 7 >#-2 0 8 a, 2 0 8b2 X)gHW 1 3 O^WSSL2 t co

mWrWxm^nTfe o. 209urn213^10*
*tm§tlTV'--g>, Ifcfc, 8tttS2 0 9ll gBBLSm&IWUBlcOWSfiB^tlRlB
T'ft ■& ^x--rogt o
[0079]
®Cg£4M2 10, 21 111, 7777— 208a. 208LTffMSfi

TB9 . ffii&2 10. 2 1 lc9mLX:^^c9SaiM®mffi2 0 9t™Wtm->T
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R82 1O. 2 11 tlSWKi.
[0080]
icOX W«

12 0 9 ;)WSE i M2 1 0 . 2 11 fiTSS2 0
9»aw/i owm. ofe®w£^<-ts&,. rncj; 9. m -y

1 4 -/^->y^xinwmi...
[0081]
131 Hi. A&Br®0T-i>£

[0082]
El 1 1 CMTX 5 C-Z4 W«7. T>*-8. 0 9 a.

3 0 9 b. Wifia310. 3 1 1 LT43 0. W ZIX±)£^»® X 0Etft 3
1 4t, M3 1 lix««2tm$nxv^<> X-4 -y^
nit s«3 i okg^s i iHtsmgmix w)jm«-w<.
<ffi. WW727WMWL^«. I&&3 10.31 lwW
£«MWU®^W£L^TJ>.S, RZSfHl 1W. 1 OCWJt

@E^3 1
[0083]
MftWUJi. i>IS!jW7i:m$n.TV^lg®«»3 0 9a.. 309bli. 0WSEI1
Item 5WI»H3 0 9 a^lOWl
MH®3 0 9 b(i®2<7mtl 3<Z>r>Zr-fflfh^MiagPlXi5U^^msn<^§o
W3 t IHJtrcfcz>„
[0084]
X/2. SSSM3 1 0U. miX-W«M<®3 0 9 aCTffiW(c®U 5

fflgl ./X/fgIWW>ftW»X:t
MW * tTO >5.
[0085]
setgKS 3 1 1 {£. -m'>*tfi3 0 9b tfffiWC®:?, X 5 Cfflg 2 c^iSaStt

is), seas i o, 31 icwsww^vmgsm 0.11

[0086]
—. m 1 2 c9gm 11.12 1 o^6w.h iw»r

<?>?>*< WA-t t WX U\ ^*<7MSS®ffi3 09a. 309b
«L£4«mwwas/2A<z)gfnan^>^>-*<3xbwt#fo
T-Jb-Bo
[0087]

M3 1 0. 3 11
x5fcge®-rscibXL?tc9T. ^oa-xX9b^-uxo«rBOT7&^5<. wzk
ia&3 1 O^p>@2^3 1 l»iR$<S^b*JT^
^w»§W7i«gbi&0trti. seas 10.311 cowmct^Mwrig^LTv^v^
4XW*G. 9fc^58t. SSR3 10.31 1 5 Ziz

[0088]
Ell 2i£ vX-SKOiai »A-A^B®Eh?*-5

[0089]
Ell 2(OkXX 3U.X4 >y^Mfc3(i. BTKW4 0 7. T>^-8. ®»®ffi9 W

gSSl 0. 1 la-^LTV^.,
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[0090]
ZZT, W#4 0 7li.
OW1 3mMWSflk WSlWfl 2<7)'OiraffitU. jB3<W4 2 0

... Z/UcJc 0, B 1 Z)W1 2(4, B2OW1 3 LM3C9W4 2 0
2 co®(cmilS Z115r6.,
[0091]
»3^W4 2 0(4. mif20 0nmJ:^VWOS i NxT&D. xDBWSR®
Wo. 5ppm/COU. ZtUi. SBlcoW 1 2<Z)gSM(S®fcWB
Hl 3 h-ccoHW/(sIttT35&#\ ^mkMz$Rk>iz& LOT1iir< . (ft Z <f§g 2 COM H
k B 3 COWk T W$ x |Bj t (c LT f COW35ZT L i v> c. jgtUM 2 coW 1 3
k M 3 coWfc TWx M* L L*>T L i v >,..
[0092]
r«L SB3OW4 2 002 0 0 nmJt iJglWIt

3f- a- > -t 4 T£ §: Jf&ZWrWT L-SMB k t 6 t> <ZT\ ftSr.W Lit V* k & ZW1 arSW
Lt>t>. Bsmwww$f4 O 7 10, 1 1 Z k Z/T& S
± iftgSrM,
[0093]
£)t. M 3 »W4 2 O (CM 2 COW 1 3 k Bic&WWSrffiv ■> Z<W . -f<W $ Sr |a]

L UT6 Z k t® McZ L Z)Wic < . f V >'JLW#^.BBxi+
Srffvz iTLxH^ML ici vL ^c^JE^j^SrfnL'O'X 3L®M^£c(±OB(cH®inEW4 0 7 Sr

1 O , 11 L Z km 6 J: 5 icW. J¥S*L <.
[0094]
COM<fcW. BJ>W4 O 7«. BlTj^W5IOX^<T-g>B 1«
W1 2t. 3k. Ml
co^WSROti: 3 c7)®OW<£t'WTO'S 3 coW4 2 0 k SrW L. M1 <?)W
1 2(.±. B2OW1 3tM3<Wt4 2OtcoraumttTV^Zti: LZ2, ftnT.
"T1&W4 0 L^ 5 z k Sr.
K4 vTWifitCi 0±TTitW|B]<7)lEWx4£t $-li-. ^^MJEWx^-rZ-t/l L, 3KJ8

SiSWWSWOM 0 Sr |®<'Z k TTe? ,
[0095]
iic. M3<Z)gf;M4 2 OU, M2TWM1 3h[^tWW§ft, Zz, $
m^Zt t LstOT?. M3WSM4 2 0(Z±&JEtjmz> -te/lfiSrWJfflJL ,
B»CO »r IW W WW'WLXIJTOJ S n Z L Sr I® <■ Z k Z/T . (ft Z K\ M3
4 2 0 co® $ SrB 2 <Z)W 1 3 O® $ £ 0 j® < T-& Z k T\ M 1 XtKM 2 CO-W12, 1
3 (c ± 7s, :fcOC..Jj x T A’ >' -te ,/L T 6 k lc, lOhS^I$cD nJWW 4 0 7 k L T
U, 10,11 ZLZT-T J: 3 tcicS .
[0096]
01 3 Ji- TJf.lHZ)B6Z)WMJF4fff42Wf^>x-C-y T8®«7)BTifi|5?IT'S>Z.,

[0097]
tai 3fc^TJ: d(cx4 v^llli, M«2, ,X4 7f*ft3, *X-SW5 04,

5 W1OM BdS 6 Sf x W"f "•§>.
[0098]
ZZT, ^-MH5 04tt. ±i*coBWffi>BirO^JZ«'01 3(7>T<Ti oKtH

&t 1 5 0 (c^iittSlK 5 1 4 Z/4<IWffi*<W£ tW L■_ •/ TTf* 3 S-IR
TT^4^g|S5 1 6SrfffiZTV^, 1 4 2
PbKCA u iZeii, S i C71J1B5 2 1, MZifXS 1 nm -5 0 0 nm, J; 0Iff 1 L <li 1
0 n nr- 2 0 0 nmSrirLZ , Au(CUrfeffiL, S i
[0099]
iT. 4>S3!5 1 6U*®M1 569B^T)J;, X®2

MUHNULfcB&J®WCOKIW&WLXv. ZZOffiW-JM -/TTf*3ZWrtSitS
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