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FIG. 3. (Color online) Vuriation of absorptance spectrum of 1.4 J/em? ima-
diuted sample with sequential anneals for 30 min intervals in 100 °C incre-
ments. The inset shows absorptance at 2300 nm vs tinal anncal temperature,

pears to be no greater than in our flat samples.” The differ-
ence in absorptance between spiked and flat materials is
likely to be duc primarily to multiple reflections off the
rough surface of the spiked material. On our highest-
absorptance flat sample at 2300 nm. R=0.29 and 7=0.24.
We would therefore expect to cut the transmitiance of flat
silicon to <10% by doubling the thickness of the highly
absorbing layer.

Mo er al. have performed ab initio calculations of sulfur
configurations and energetics in amorphous and crystalline
si'* 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-
cls and should lead to optical absorption. This is consistent
with our findings but does not explain the absence of sharp
features in the absorption spectra. Finally, they found that
upon anncaling sulfur tends o form dimers, but should re-
main optically absorbing. In Fig. 3 we show the evolution of
the absorplion spectrum with sequential thermal anncaling
from 200 to 700 °C in 100° intervais. There is a small re-
duction in absorptance with anncaling at 200 °C. followed
by rupid reductions ut higher anncaling temperatures, up to
600 °C. This behavior is similar to that observed for spiked
Si formed with femtosccond laser pulses but differs from that
observed for spiked Si formed with nanosecond laser pulse&2
In the latter case the absorptance drops by less than a factor
of 2 upon anncaling for 45 min w 600 °C,

Thermal annealing to 900 °C for 30 min results in only
short-runge mass transport. as shown in Fig. 2, compared to
the expected diffusion length of 6 um 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 ef al. the development of transparency should
not result from transitions of sulfur atoms from metastable to
stable isolated configurations; the drop in absorptance may
be assuciated with the formation of metastable configurations

Appl. Phys. Lett. 88, 241802 (2006)

such as interstitials or larger clusters than dimers. The re-
moval of sullur from optically active configurations by an-
ncaling 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-
ncling measurcments, because the sensitivity of the latter
method is only about 2 at. %.

Pulsed lascr 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 expecied
from extrapolating measurements from samples doped with
shallow donors. We have proposed that the high IR absorp-
tance is due to deep levels associated with sulfur in highly
concentrated solution. However, the nature of the clectronic
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 sofutions of fluoride or
KCH, or by simultaneous exposure t© a gas such as SFq or HC1 and high power laser lrradiation.
Here we review how laser assisted etching, chemically enhanced laser ablation. and stain etching
can be used to create pillars, pores, porosified pil and macropores. Pillar dimensi ¢
from 10 gm tall with ~200 nm tips to >100 gm high with 10 gm tips. Ordered arrays can be
produced and sharpening cas lead 1o aspect ratio approaching 10%. Porous silicon with a vi
photoluminescent nanocrystalline structure can be made by etching in fluoride solutions. Acidic
fluoride+oxidant solutions {stain etchants} allow us to forni porous silicon on substrates of arbitrary
topology. Moreover, these etchants can be used to contro] the photoluminescence spectrum of the
resulting film, presumably through control of the size distribution of the nanocrystalline structures
that are respo e for photoluminescence. © 2006 American Vacuum Society.

[DOL 10.1116/1.2188414]

L INTRODUCTION 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-5i formadon. Harsher etching induced by
80 °C, 40 wt % agueous KOH leads to crystallographically
anisotropic etching that does not lead to por-St formation but
that can he used to change the gross structure of Si struc-
tures. Photohiminescence (PL} spectra were collected with a
Jobin-Yvon Fluoromax 3 spectrometer with 300 am exelta-
tion provided by a xenon lamp and scanning electron micro-
graphs were acquired on a JEOL JSM6300 scanning electron

The restructuring of §i from a bulk crystal into smaller
structures’ leads to massive changes in band stucture and
optical properties. % Porous silicon {por-5i) is a widely re-
searched nanocrysialline material with potential applications
10 optoelectronics, biomaterials, drug delivery, laser desorp-
tion mass spectrometry, and sensors. Porous silicon is con-
ventionally produced by one of three electrochemical pro-
cesses ﬂefformed in acidic fluoride solutions: (i} anodic
etﬁ}!l*ht {iiy laser assisted  photoelectrochemical
etchmg,(’"“ and (iii) electroless stain etching.m' ¥ Our std- : B
ies regarding the latter two proces ed here. The mieroscope at 10 KV.

. . . . . The formation of pillars depends sensitively on chemical
formation of pillarlike structures during laser ablation has . S pute I

. 15 . . 16-19 interactions™ as well as whether the laser pulse duration is in
heen known for scraetire ™~ and, in particudar, for 5.

We 20 21,22
Y ( the ferntosecond™ or nanosecond' > regime. The key pa-
have madv Si pillars with femto cond™ and nanosecond i ) ' ) 2 Y pe
copc il 23 s ; rameters for good pillar formation are a laser pulse energy
las as well as reactive ion etching.” Below we dis- ’ . =
o . . density in the 1-3 Jeomy 2 range, gas pressure  around
cuss how postablation processing can be used to porosify 500 ot dal 1‘5)0” 1000 <
: 2.2 y 500 mbar, and a laser exposure of 500-1000 shots.
these pillars'™ as well as how we use KOH to make the = © posure ¢ !
pillars nanosharp.™ The purpose of these etching studies is to
divine the nature of structusrs-property relationships and to & Laser assisted efching in fiuoride solutions
make opiimal structures for the applications mentioned.

es are dis

The hydrogen terminated St surface (H/SD) is virtually
impervious to attack by acidic fluoride solutions. In the at
. EXPERIMENT sence of illamination, the etch rate of H/Si in concentr

. ) ) HF is roughly 2.5x102em 25! (~0.3 A min™h),

The expea‘m’temall? 1;33(:::(1.11(’&5 for stain etching have been  ue g corresponds to ,1 sticking coefficient of the fuoride ion
??taﬂed elsewhere. Stain etching can be Ptlf01nltd O of 8 (F)~5x 1071 However, in the presence of above
high and low doped n- and p-type Si{100) or Si(111). Stain band gap wradiaton of 81, the sticking coefficient of F~ is

chants hi ¢ generic formula of fluoride+oxids . .
etchants 7hiwe' the generic .iorm.sﬁla of fluoride .T(E)&lddn( increased b}« ten orders of magnitude such that
rater. Fhioride ca srovided either by HF or NH HE
+water. Fluoride can be provided either by HE or NHHEF,, Sig{F)~ 1.7 This remarkable increase i sticking coeffi-

The oxidant is HNQO,, FeCl;, or NaMnO,. The solutions

= N . o * cient requires only the humble irradiation of a small HeNe or
must be acidic and when NH, HF. is used, HClis added. The

diode Iaser with a ¢w power of a few milliwatis.
This exquisite control over the reactivity of Si allowed
611 g
Lodu Kolasinski and co-workers™  to explore the kinetics and

Ylecrronic mail: kolasinski @virg
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Fig. 1. Pmooscd muhdm&m of {photo)electrochermical Si etching in fluo-
tF: veactanis for a piven step are enclosed within

mechanism of etching of Si in flucride solutions as well as
the producton of sasocrystalline porous S (p(\r Si). From
this work and previously described models,™ ¥ a model to
desceibe Si etching in fuoride solutions was derived.”’ This
model, which describes laser assisted, electrochemical and
photoelectrochemical etchings of 51 in acidic fluoride so]u-
tions below the electropolishing regime, is depicted in Fig. 1
As a simplification, only the current doubling pathway
shown, as the curreat quadrupling pathway is only (a'i)served
under special conditions.

Under conditions of constant ilfurmination, step 4 of this
mechanism is the rate determining step (RDS) and it pro-
ceeds via attack by either HE or HES. The rate constant for
the reaction n\’OI‘vlﬂ” HF, is 152 times faster than that for
attack by HF.”" Because of this, highty efficient etchants can
be made by using alternative sources of fluoride, such as
NH4HF,, which yield high HF] concentrations. The compo-
sitton of fluoride solutions has stirred much debate and le‘lea
in a highly nonlinear fashion based on its compo ments.”
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Fic. 2. Hole injection and the electrochemical potential. (2) The band cdr
along with the CBM and VBM shifts with decres
(reproduced from the data of Ref. 34). {b) Hole injection can only be ac~
complished by an acceptor level, e.g., A, thar lies below the VBM but not,
e.g., BT, above it.

panosiruciure

The key to turning on the reactivity of H/Si 18 the cre-
ation of a hole that diffuses {or is driven) to the surface (step
1). This can be accomplished by above baud 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-
{imiting quantum effect. As the npanocrystallites in the walls
of por-5i become smaller than ~5 nm, quantum confinement
effects cause an incyease in the band gap and a depletion of
the holes required to initiate etching. As the diameter de-
creases, the conduction band minimaum (CBM) shifts upward
in energy and the valence band mcmin‘hm {(VBM) shifis
downward. The data of van Buwen e al” dem(ms:rating
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)} 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 erystallites and bluer PL. This was observed by
Kolasinski ef af.'° A lipear relaticnship between the peak PL
wavelength and the ilumination wavelength was found for
itlumination of 473730 now
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Fig. 3. PL spectra of por-8i films produced by three different stain etchants.

B. Silicon siain eiching

4.

fain etching[ an electroless electrocherical process ia
which an oxidant is mixed with a fluoride source. While it
bas been kpnown for sometime that stain etching produces
visibly p‘n()miuminescem‘; 63 nanocrystalline por-8i, lttle
progress had bees made in changing the character of the
photoluminescence or the morphology of the resulting films.
This changed with the work of Mills er ol.'? and Nahidi and

e 12,83

Kolasinski. ™

Consider the crucial hele creation step in the etching
mechanism and the role of quanium confinement induced
depletion of carriers. In the case of laser assisted etching, the
energy of the photon in refation to the baad gap determines
whether the photon can create the necessary hole and initiate
reactivity. 1o stain etching, the role of hole initiator is per-
formed by the oxidant and it is the electrochemical potential
£, relative to the band edges of 53 that determines whether
the oxidant is capable of injecting a hole into the Si valence
hand. 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* s able to initiate etching whereas B 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
engrgy axis in Fig. 2. By way of analogy then, we predict
that the more positive the electrocherical 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 sohution
composition. Band bending and hydrogen diffusion into the
bulk in addition to guantum confinement affect the position
of the VBM." Thus we should expect a distribution in ult-
mate crysiallite sizes.

That our expectation is fulfiled is demonstrated in Fig. 3.
The wavelength of the PL intensity maximuom correfates with

J. ¥ae. Sci. Technol. &, Vol. 24, No. 4, JulfAug 2006

£y The PL from a film etched with Fe** [F;=0.47 V versus
the standard calome! electrode (SCE)] peaks at 696 nm,
compared 1o 654 mm for HNO; (E,=0.66 V) and 604 pw for
MnQ) (Fy=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 iden-
tified the factors that control this varia.biiityfs The trend in
peak wavelength versus £ is clear.

The PL spectrum is not the only characteris
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

ic of the film

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 wrn
through effective medium effects depends on the pOK’CﬁSit}’.“
Uniform color indicates uniformity of thickness and porosity.
We observed a tremendous reduction or conplete elimina-
tion of bubbles when HNO;y is replaced by Fe(lil) or Mn-
{(V1I). The elimination of bubbles yields much more homo-
geneous filkns than those obtained with the traditional stain
etchants containing HNQO;.

Diifferences in the structures of the flms also result from
using stain eichants of different compositions. A NaMnQO,
based etchant leads to a rectangular superstructure, which is
penetrated by 1-2 pm diam macropores, as seen in Fig.
4(a), whea etching is performed on a Si(100} substrate. The
macropores are, in turn, covered with a microporous layer. A
NH,HEF, /HNO; based etchant leads to a structure, Fig. 4(h),
which is similar in that 0.8-2.6 g circular macropores are
coverad with a microporous layer. However, the rectangular
superstracture is missing and the density of macropores is
much lower. Replacing NaMnGy or HNO; with Fe(ll; Jeads
to a homogeneous microporous layer. Because such films are
largely featureless down to the scale of ~ 100 nm, we do oot
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/HNGO;/H,0 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
con at with previous reports of an amorphous surface
layer. * Beneath this structure lie a very rough surface and
a microporaus filro. 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 8F;

Much like H/Si in HF(ag), Si with or without its native
oxide is inert to 5Py 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 substaniially by the presence of SF(;,‘“ if the lase
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: nicrographs of por-S8i fils produced in etchants
/NaMnO,. (b) NHHF,/HNO,. and (¢} HE/HNO,.

pulse fluence is kept near 3 Jom™ for nanosecousd
irradiation'” or 1 J em™? for femtosecond irradiation,'® pillar
formation accompanies ablation.

In the femtosecond frradiation regime “ we find that the
size and packing density of the pillars scale with the wave-
fength of the laser. A short wavelength of 390 nm produces
pillars that are 10--25 pon long with a tip separation of
3-4.5 pem. For 780 nm irradiation, heights of 30-70 pm
and mean tip separations of 915 pm 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).™ Tt also implies that if we intentionally created
wiensity modulations in the incident beam, we should be
able to use these modulations to create order among the pil-
i fully demonstrated.

lars. In Ref. 20 this wick was succ
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 pm in height, extending > 10 pm

12,21,22
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F16. 5. Scanning electron micrographs of Si pillars. (a) Pillars formed by
irradiation in SF,. (b) Pillars tormed in HCL {¢) An order y obtained

wing a substrate into which a grating was raled prior to

in 8§¥¢ by irrad 2r

EXposure.

above the original substrate surface. Hence redeposition and
growth are indrinsic parts of the formation mechanism ™ for
panosecond pillars whereas they are not as important for
fentosecond pilars. The nanosecond pillars are typicaily
~5-10 um across at the top. Raman a,mlysis‘l demon-
strates that they do not contain amorphous silicon. The for-
mation of pillars by nanosecond irradiation is abways
preceded by the formation of deep precursor holes.
Similar precursor holes are not observed during femtosecond
irradiation.

The formation and morphology of piflars are very sensi-
tive to the gas c:mnp«:)siti.(m.zl As shown in Fig. 5, the most
regular structures are formed in SFy whereas more massive,
blunter structures are formed in HCl/He mixes. The 5K
piltars are solid core and crystalline. The HCH pillars often
have a spackled look to themn. 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 spectrom, the pillars are not com-
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Fig. 6. Scanning electron mu
SF¢ followed by porosifi
sofution.

praphs of 4 Si pilia
stion by etching in an NH HF,/Pe’

‘med by irradiation in
/H,0

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 HCI pillars. The HCI pillars also tend to

roop in the direction of gravity’s pull whereas the SF pil-
lars project straight up frore the surface. This suggests that
the HCI pillars experience flow in the molten state and the
absence of flow for SF pillars. As SFg 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
ook,

The precursor holes are the key to nanosecond pillar for-
mation. By controlling the positons of the precursor holes
we are able to control the positions of the pillars that fonm
from them.™ This has been achieved by ruling a grating into
the Si substrate prior to irradiation. Diffraction in the rule
araplifies the laser intensity locally. This enbhances the rate of
formation of the 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 adjaceat to the first row of precursor
holes by rapid melting and cooding of its silicon walls. The
wpcreased defect formation eshances the rate of ablation in
the adjacent areas and provides the coupling between rows
that allows for long-range aligninent. We have grown arrays
of ordered pillars over areas as large as 1 em?® by rastering
the substrate during irradiation. An ordered arvay of pillars is

shown in Fig. 5(c).

D. Postproduction etching of i piliars

For numercus applications, it is of interest to modify the
structiire and dimensions of the pillars. This is possible by
postprodhiction etching in agueous solutions. For use as a
drug delivery or gene transfer agent, it may be of interest to
porosify the pillars. A conventional ancdic eiching schere
might be complicated by the intreduction of a trace of § info
the pillars during chemically assisted laser ablation.™ n 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 aitempted and
succeeded at porosifying the pillars using stain eichants.' >

The pillar shown in Fig. 6 was formed by nanosecond
laser ablation in 8Ky followed by etching in an

=

J. ¥ae. Sci. Technol. &, Vol. 24, No. 4, JulfAug 20086

N > o

Tha. 7. (a) S¥, pillar that has been sharpened by etching i KOH. (b} HCL
pillars after etching in KOH. {c) Macropores formed by a 10 min etch of a

pillar-covered Si{100) substrate.

NH,HF,/Fe* /H,O solution. This etchant is particularly
well suited to the etching of the pillars because it releases
significantly fewer bubbles than a conventional HNO; con-
taining etchant. A pillar-covered surface exposes at least one
order of magnitude more surface area than a plasar surface.
Hence they are runch more susceptible to the deleterious ef-
fects of bubble formation. The stain etching coats each of the
pillars with a microporous Iayer but leaves the gross struc-
arre of the pillars unaltered. The pillars bave lost none of
their height and they still possess a blunt tip. Whereas no PL
is ohserved from the as-forrned pillars, subsequest 1o stain
etching the pillars are brilliantly photoluminescent in the vis-
ible. The angular distribution of the PL exhibits significantly
more ntensity at bigh angles than does PL from a placar
por-8i sample.u

Etching in 40 wt % KOH at 56 °C is more aggresslve.)z
When performed for only 1-2 min, it can be used to sharpen
the pillars while reducing their height misimally. This is il-
lustrated in Fig. 7{a) for pillars formed in SF;. Pillars ap-
proaching 106 pov long with ~ 16 no tips, e, with aspect

SIONYX1403000018.0054

SAMSUNG EX. 1002 - 1573/4148



1479 Kolasinski, Mills, and Nabidi: Laser assisted and wet chemical siching of silicon 1479

ratios of near 107, have been produced in this way. That
sharpening occurs for SFy pillars is nontrivial and takes ad-
vantage of their solid core. The HCU pillars do not have a
solid core. Therefore, when they are etched in KOH, a com-
hination of pore wall thinning acd 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 pﬂiam are
removed completely and reacropores are formed.” 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 deterrined by the substrate crystallogra-
phy. Rounded, hexagonal macropores are formed on Si(111)
and rectangolar macropores, such as those shown in Fig.
7{c), ate formed on Si(100}. The macropores are rather uni-
form in size with a 10 min etch producing mcmmpﬂres that
are 17-20 pm in diaroeter on Si(111} and 13-17 gm in
edge length on Si{100).

i, CONCLUSION

Silicon is a material over which we can exercise exqgiisite
structural control by the impleruentation of a variety of eich-
ing schemes. This control extends from the nano—through
the weso—to the macroscopic scale. Chernically enbanced
laser ablation allows us to process large areas rapidly to cre-
ate pillar structures, Based on the laser parameters, we can
either make rels mdy small (18 zem talt with ~200 nm tips)
or quite large piltars (> 100 200 bigh with 10 gom tips). Or-
dering of these pillars over macroscopic length scales can be
achieved by optical wicks iavolving diffraction to modulare
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 the highest as-
pect fatio {approaching 10%) ever achieved.

We can also bore pores into silicon. Laser assisted etching
in aqueous fluoride solutions allows for selected area forma-
tion of nanoerystalline 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 alfowed us to develop alternative classes of
stain etchaots. With these etchants we can conwol the photo-
luminescence spectrum of the resulting film as well as {pre-
sumably) the size distribution of the nanostructures in the
ilm that are responsible for the photoluminescence.

This work was supported by the University of Virginia
and the National Science Foundation IGERT Program under
Grant No. 9972790,
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PbS colioidal quantum dot photoconductive photodetectors: Transport,
traps, and gain
Gerasimos Konstantatos and Edward H. Sargent”

Deparmment of Electrical and Computer Engineering, University of Toronio, 10 King’s College Read,
Toronto, Ontario M55 3G4, Candda

(Received 15 August 2007; accepted 29 September 2007; published online 23 October 2007)

We investigate experimentally the ig in PhS collotdal quantura 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 £.16 eV, and we identify
photosensitizing centers at ~0.1, 0.2, and 0.3 eV below the conduction band edge. These centers
aceount for the 60, 300, and 2000 ms fall tmes observed in the trapsient response of the
photocurrent at room temperature. These centers enable us to account for the comstancy of
photoconductive gain across the wide temperature range of 250340 K. © 2007 American Institute
of Physics. [DOL: 10.1063/1.2800805]

The sensitive detection of light is of central importance Since extended trap state lifetime lowers the speed of

in imaging, environmental sensing, and spectroscopy. Photo- rRSPOnse it can lead to unacceptably long lag
diodes made using silicon provide one route to the sensitive in imaging appli cations-wcc-ntrcl over the trap states present
detection of visible light. The use of coraplementary metal- in a quantum dot solid is of high importance. There exists a
oxide semicenductor silicon is attractive because it enables  considerable body of evidence pointing fo the existence of a
imnage sensor realization via monolithic integration of photo- multiplicity of tr dppm g centers in colloidal guantum dot sol-
detection and analog gain and even digital processing on a  ids. Recent reports on PbS, for example,” found that the
single chip.’ frequency-dependent response varied systematically with the
An equally convenient, but more versatile, alternative to {evel of Lliu‘minatioq' longer-lived, deeper-lying traps were
smco i~only photodetection has recently emerged. It has been presumably flled first, providing gain but slow response ai
hown® that it is possibie to fabricate, by simple solution tow light, and lower gain but faster response under higher

rocessing, a top-surface visible-wavelength photodetector  levels of illumination
monolithically integrated with an arbitrary substrate. These For these reasons, we set out herein to elucidate in

sensors can exhibit responsivities vastly exceeding those of  greater detail a physical picture of the wap states that exist in
silicon photodiodes, and low-noise performance that leads to 'S colioidal quantum dot films. Butk PbS has been widely
The versatility of ~ studied, and below we compare our findings with past re-
i ports on these materials. However, since conventional poly-
crystalline PbS and colloidal quasture dot PbS  differ
substagtially—ia their characteristic dimensions (50-150
versus 1-10 nm), their surface passivation {oxides and sul-
{ates 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 spia-
casting PbS navocrystals of ~3 wun in diameter onto a gold
interdigitated electrode. The nanoparticles making vp these
films were capped with 2-nm-long oleate ligands, We carried
out a solid-state ligand exchange to the much shorter
"i—‘m'wla"qinc ligand to improve trans;p(m.?’ Absorption an¢
hotocurrent  responsivities  both  exhibited onset anear

noise-equivalent intensities rivaling silicon.
these recent devices arises {rom the ease with which the
bandgap of the light-absorbing material may be tuned: col-
loidal quanturo dots are widely known for their capacity to
exhibit size-efiect tuning, leading to corresponding con-
irolled  variations in  the spectrumm  of photodetector
rtf:sponsivity,3 laser emission wavelength, * and modulator
bandwidth.”

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
clectron-hole pair whose electron is rapidly captured into a
trap with (leng—microsecond, millisecond, or even second}

ifetimie 7.. Under ap applied bias, the flowing holes transit P . - )

the d e t ”\\‘ : o h g 4 elect 800 nm. The interelectrode spacing on the substrate was

e device 1o 2 time 7. As long as the rapped electron is < . .
. 8 P 5 pm and the length was 3 mum. The thickaess of the colloi-

substantially immobilized, G=7,/7, holes worth of current
may be collected for every electron-hole pair created. The
respoasivity of the device & i1s then given by %G/ hv, where
77 is the absorbance {also known as quantum efficiency).
High gain and responsivity thus 0‘€0€i‘ﬁc from efficient
transport of one carrier wmh.ﬂcd with long-iived trapping of
the carrier of the opposite type."’

dal quantum dot film was measured to be ~250 um. Al
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 rodulated using a square wave (rise and fall
times less than 1 us) at a frequency of 100 mHz. Ternpera-
wire dependencies were explored in 10 K increments with an
increase rate of 1 K/min; mmﬂol@q were left to equilibrate

YBlectronic mail: ted.sargent @utoronto.ca 10 min at each temperature level. Samples were measured at
0003-8851/2007/91(17)/173505/3/$23.00 81, 1735051 © 2007 American Institute of Physics
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FIG. 1. {(Color online) Determination of sensitiz
thermal quenching. (a) Photocurrent as a func mpesature at (wo
illumination fevels, The activation energy of the photocustent is determaed
by the mobility activanirm cner'vy A' hipher temperatures photocurtent
quenchin "ﬂg taken as the photocur»
reni at l’u,, . ¥ :

tracted. The slopc -Jf the qucnchm5 pr(vv-de< the dcplh of thc sfnsm

conduction band. T“o sensitiz

s via photocurtent

roont temp“f;mrc before and after the full Eemperature and
measurement cycles: before-and-after hystereses of less than
§% were observed.

Photocurrent levels and transient provide the most direct
msight into sensitizing trap states; we begin with these re-
sults. In Fig. 1{(a) we present the logarithim of responsivity as
2 func,tmn of temperature. At low temperatures (below
250 K), photocurrent shows a single activation eunergy of
(.16 eV, We separately roeasured dark currents and found
these to exhibit the sarge activation within experimental un-
certainty over this sare teraperature range. Since photocur-
rextt and dark cument are both lineadly proportional with mo-
bility, we attdbute the growth in photocumrent with
teraperature up to 250 K m improved traasport, and we as-
sociate the 0,16 eV activation energy with mobility. Ther-
mally activated hopping transport has previously been ob-
served in colioidal quantum dot solids. d

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

Appi. Phys. Lett. 81, 173505 (2007}

(a)
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8.3 eV U centars
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ph

time constants at room {emperaturc of f/u s, 300 mas, and 2 sat 3 (J K. (h)
The plot shows the dependence of the time constants as a function of tem-
perature and provides additional information on the se ing centers’
depths. This technigue reveals in the addition of the 0.1 and 0.3 ¢V another
center 0.22 ¢V from the conduction band. {¢) Band diagram of the proposed
model for photoconductivity in PbS quantum dot photodetectors.

accels
time

rate the cmplymg of the electron ir
sible for photosensiil
'pbotocm'"ew quenching more fully, we
plot in Fig. b} the photocurent quenching—defined as
p‘ﬁotocurrm’ dmdw by mobility——as a function of tempera-
non eneig)es that are revealed asa
energy depth of th

‘hp conduction ba;.d

v

3eV,

s whose long life-

G,,.,....

edgc qure 1=b? indicates two jevels,
The smooth transition between the two suggests a distribu-
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fion in seusitizing center energies as opposed to purely dis-
crete levels.

The quenching rate is expected to be proportional to
NN expl—AE/ET), where N, is the density of states in the
conduction band, N, is the sensitizing center density, and AF
is the energy depth from the uonduct 1 band. By subtracting
the mobility contribution to photocurrent, we estirpate
N~ 100%™ assoc i

ed with the 0.1 eV center and
~ 10 om™ associated with the 0.3 eV,

The pamcula:cs of the multicompouent transient response
to changing illumination give considerably more direct infor-
mation oe trap state levels. The emission rale of a trap state
into the conduction is given by 7 =¢,N,uy, exp(~AE/ET),
where o, is the capture cross section of the trap, N, is the
density of states in conduction band, vy, is the thermal veloc-
ity of the camiers, and AF is the energy depth of the trap
sured relative to the conduction band edge. The transient
ys of photocurrent revealed three main components,
ach having its own temperature-dependent time constant.
Figure 2(b} shows the three temporal components that at
roomt temperatire exhibit characteristic time constants of
~60 ros, 300 ms, and 2 s. Figure 2(b) illustrates the natural
logarithm of the product 777 (plotted to aceount for the
dependence of thermal velocity on temperature and thus sim-
plify the extraction of the exponential activation process).
These componems exhibit characteristic activation energies
of 0.09, 0.22, and 0.34 eV, the deeper center accounting for
the slower components of teroporal response. These values
well with the activation energies extracted fmm the

ent quenching agalysis above, indicating that accel-
tcd trap emptying substantially accouats for the smk;mg

at room temperamre.
ple picture of the inferred

{—:n.pz:: ature invariance of gain
We propose in Fig. 2{c) s

trap levels. Wheun the pbotodetector is illurninated, the quasi-
Fermi levels move toward their respective band edges. When
the electron guasi-Fermi level encompasses the sensitizing
nt saturation results,

centers, intensity-depende

Appl. Phys. Lett. 91, 173505 (2007)

We now compare these findings with those observed in
polycrystalline PbS photedetectors. Sensitizing centers at-
tributable to exidation sites on PbS {Ref. 7} have been found
to lie 0.16 and 0.32 ¢V below the conduction band of bulk
PhS (Ref. 8) and depend on the growth mechanisra and
deposition conditions. If the sensitizing centers in PbS nago-
crystals were due purely to hi localized states at the
aanoparticle surface and were uninfluenced by quantim-
confined electron states within the nanoparticles, one would
expect 1o see at least one much-deeper electron trap in the
quantum dot case compared to the bulk. Since this is
observed experiracntally, it appears that the combination of
dot surface passivation and guantum confieement togetber
determine the {rap siate cnergy.

In summary, this work provides physical insight into the
operation of sensitive high-gain PbS colloidal quantun 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 faciluate device
ogtm.uau.)n, pointing as they do toward trap stale 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.

E.R. Fossum, [EFE

;. Konstantatos, J. Clif
1, 531 {2007).

3G. Konstantatos, . Howar

L. Lewna an

d E. H. Bargent, Nat. Photonics

. Sargent, Appl. Phys. Lett. 87, 1
D. 8. Ginger and N. C. Greesham, J. Appl. Phys. 87 1361 (2000).

R. I. Harada H. T. Minden, Phys. Rev. 162, 1258 {(1956).

8. Bspevik, ©. W, and R. . Bube, J. Appl. Phys. 42, 3513 (1971).

SIONYX1403000018.0058

SAMSUNG EX. 1002 - 1577/4148



%
E
4

n L
“}’W///W///’/

§ 3 5 N R B
H 3 b I oy,
S i § o H -

o —_—
p
|

G Konstaniaios, Larissa Levina, Armin Fisc

Nano Lett., 2008, 8 (8), 1448-1450- DO 10.1021/ni080373e » Publication Date {Web): 02 April 2008
Downloaded from hilp//pubs.acs.org on May 13, 2008

autyﬁammﬂ alectenn
e Boptic Ackd N
N -
N § oy
8 P DA 8V
& . S
£ )
o pEdef
=3 th ol
& 'S .
% ¢
& 3
m 3
8 04
e
o i
e ¥
& 1
)
8.0

25 3.8 3.5
Thwe {5}

More About This Arlicle

Additional rescurces and feaiures associated with this article are avaiiable within the HTML version:

s Supporting information

« Links to the © articles that cite this article, as of the time of this articie downioad
. Access 1o high resolution figures

» Links to articles and content related to this article

« Copyright permission to reproduce figures and/or text from this article

&\\\& . Ak

R N ;

s

SIONYX1403000018.0059

SAMSUNG EX. 1002 - 1578/4148


http://pubs.acs.org

Engineering the Temporal Response of
Photoconductive Photodetectors via

Selective Introduction of Surface Trap

States

Gerasimos Konstaniatos, Larissa Levina, Armin Fischer, and Edward H. Sargent”

Department of £
College Road, Toronto ON M58 3G4, Canada

Received February 6, 2008; Revised Manuscript

Received March 17, 2008

irical and Computer Engineering, University of Toronto, 10 King’s

ABSTRACT

Photocenductive pholodetectors fabricated using simple solution-processing have recently been shown o exhibit high gains {>1000} and
outstanding sensitivities (I > 10 Jones}. One ostensible disadvantage of exploiting photoconductive gain is that the temporal response is
limited by the release of carriers from irap states. Here we show that it is possible to introduce specific chemical species onto the surfaces
of colioldal quantum dots to produce only a single, desired trap state having a carefully selected lifetime. In this way we demonstrate a device
that exhibiis an atiractive photoconductive gain {>10) combined with a response lime (~25 ms) useful in imaging. We schieve 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 Jones in the visible, while generating a temporal response suited to imaging applications.

Optical sensing in visible and near-infrared regions is of
ptmost importance for conventional imaging,! passive night
vision,? and biomedical imaging.® The sessitivity of a
photodetecting material is quantified through the figure of
mierit 1%, the specific detectivity, in nokts of Jones. A high
D value corresponds to a device having, for its arca and
detection bandwidth, a high ratio of signal-to-noise for a
given bight level.

Also important in photodeteciion is femaporal response. if
the response of a pliotodetector 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 tine constants in the range
of tens of milliseconds are thus requured.

There exists a high degree of interest in novel materials,
and novel processing methods, for the realivation of inova-
tive ioaging systems. Solotion-processed  optoclectronic
materials offer large area at low cost,” the benefits of physical
Hexibitity, the 100% §ill factor associated with a top-surface
photodetector technology.” and the capactly to sense wave-
lengths, such as those in the short-wavelength IR, not
accessible to conventional electronic matertals such as silicon.

A novel approach, based on colloidal guantum dots,” S has
recently emerged that addresses the limitations of conven-
tional bulk sersiconductor technology. However, to date,

* Corresponding author, fed.sargent @uroronio.ca.

10.1021/ni080373e CCC: $40.75  © 2008 American Chemical Society
Published on Web 04/02/2008

colloidal guantum dot photodetectors have exhibited either
saperb sensitivities (D% > 108 Jones) but slow response

{hundreds of millisecond transients)>® or rapid response

{megahertz and above) buwt low semsitivity (D% < 109
Jones),® but not both requisite features simultaneousty.
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 acceplable temporal response simuoltaneously.

Photoconductive gain is given by 7/7, where 7, 1s the time
for the flowing carnier to transit the extent of the device and
7. is the carrer lifetime. From a sensitivily point of view
alone, this argues for longer trap stale hfetimes. However,
the temporal response is divectly detenmined by the carrier
Iifetime. The challenge of practical photoconductive photo-
detector design is thus {0 establish a soilable balance between
gain and temporal response and (o control malerial composi-
tion with care 10 implement the resultant design.

We previously investigated the energy levels associated
with trap states in PbS colloidal quantum dot photodetectors’
that exhibit gains on the order of a bundred A/W. Thiee
seostiizing cenders, the energy levels of which resided
approximately 0.1, 0.2, and 0.34 ¢V from the conduction
hand resulted in carrier Hfetines of ~60, 300, and 2000 os
qare 1), Thovgh the shortest hfetoe of 30 ms s soued

for many tmaging applications, the longer ones, which
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Fignre 1. Temporal response of photocurrent in butylamine, formic
acid, and ethanethiol treated nanocrysial films. Butylamine treated
films exhibit a photocurrent decay with muluple time constants of
approximately 60, 300, and 2000 ms. Formic acid treated devices
yield a main photocurrent decay fime constant of ~420 rus.

Ethanethiol treated devices show a faster photocurrent decay with
a timne constant of ~27 ms, the photocwrent decays to the dark

current state within less than 200 ms (shown in the inset).

dominate at lower optical intensities in view of their lower
energics, wniroduce unaccepiable lag.

Herein we present a framework that allows identifying
gpecific oxade species existent on the quastom 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 (fem-
porally), thus the shallowest {energetically), trap state.

Photoconductive devices were fabricated by spin coating
oleic acid-capped naﬁocrystaism onto prepattemed interdigi-
tated gold electrodes. The quantom dots’ first excitonic peak
fays at 790 om. The thickoess of the devices was kept
constant around 250 nm. The active area of the device is
cireumscribed by the 5 pm separation of the electrodes and
their 3 mip length. For illumination, a 642 om light-emitting
diede producing optical intensity at the sample of 3.1 uW/
ooy’ was used unless otherwise stated. The bias applied to
the devices studied herein was 10 V, comesponding to an
electric field of 2 V/em. All photoconductive measurements!!
were performed with devices loaded 1n a cryostat uader
vacuum conditions so that oxygen and moisture chemad-
sorption effects are eliminate

X-ray photoelectron spectroscopy (XPS) analysis of nano-
crystals teated using butylamine revealed the presepce of
lead sulfate {Pb8O,), lead sulfite (Pb5(,), and fead carboxy-
late attributable to oleic acid higands attached to the pano-
particles” surfaces. XPS analysis of the § 2p signal yields a
peak at 165.5 eV attributable to PbS(O; and a peak 167.3 eV
resulting from PbSOQ, (Figure 2h), whereas Pb 4f signal
analysis revealed oxidized states assigned to PbS8(, and
PbS0O; at 138.5 eV and a highly oxidized state of Pb found
at 139.1 eV associated with Ph—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

but vine. formic acid, and ethanethiol treated nanocrystal films

used as photodetectors. The lines show the energy levels sssociated
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 wnvestigated whether we could correlate the lead
carboxylate peak {due to the oleic acid—Pb bond) with a
corresponding sensitizing trap state havipg a specific tem-
poral response. We treated nanocrystal filios with a 30% by
vohume solution of formic acid in acetonitirile to exchange
the long oleic acid ligand with a shorter one. In so doing we
reduced inter-panoparticle spacing while preserving the
carboxylate moiety bound to Pb atoms on the nanocrystal
surface. In this way, we transformed josulating devices inte
photoconductive detectors. Temporal measurements of pho-
tocurrent response revealed a main time constant of ~420
ros (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 tlustrated in Figure 22 as well as a sigoal at 138.5
eV arising from the existence of PbSO; as verified by the §
2p signal (Figure 2b). This evidence suggests that either
Pb—carboxylate or PbR0; serves as a sensifizing species
having an {(undesirably long-tived) ~420 ms time constant.
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Table 1. Sommary of the C‘orreigition between Oxade
Species and Photocurrent Time Constants Observed in
Yariously Treated PbS Nancerystal Films

treatments oxides time constants

1zed PbS

as synths

Phb-carboxylate
PhS0,
butylangine PbE0; ~80 ms
Pb-carbozylate ~300 ms
PbSQy ~%s
thanethiol P8O, ~27 ms
ET + aging in ambient Pb80O; ~38 ms
PbhSO, ~3 5
Formie acid PbSO; ~332 ms

Pb -'ca:;boxyl ate ~420 ms

In order to unmask which among the carboxylate/sulfite
species 18 responsible for the ~42() 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
carboxyiate -terminated ligand thermodynaniically favorable,
we posited that we would requive an endgroup that would
bind o the Pb more strongly than Pb—carboxylate. We
selected etbanethiol for ts shott leogth and 15 thiol motety
expected to bind strongly with Pb. We treated the devices
by dipping in 40% by volume ethancethiol 1n acetonitrile for
approxiroately 5 min, We rernoved the device from solution,
rinsed with acetonitrile, and dried.

From the absence of the Pb 4f peak at around 139.1 oV
(Figure 2a), we conclude that oleate ligands were indeed
enttrely rerpoved from the nagocrystal surface. Thiol treat-
ment also removed polysulfites and lead sulfate from the
nanocrystal surface leaving PbSOn as the sole oxidized
species {Figure 2h). Transient photocurrent measurements
showed that ethanethiol (ET) weated nanocrystal films
exhibited a single transient component having a ~27 s time
constant at room temperature (Figure 1),

We sommarize in Table 1 the observed comelations
between species and temporal components. We found that
PbS nanoccrystal films having lead sulfate (PbSOu), lead
sulfite (Po380s5), and lead carhoxylate manifested photocierent
decays having time constands ~2 s, 300 ms, and ~60 ms.
PbS nanocrystals possessing lead carboxyiate and PbSG;
exbibited a photocwrrent decay with tiroe constaots ~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 confiomed 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 fo investigate 1n greater detail the energy level
associated with the desired 27 ms trap state. In photoconduc-
tive photodetectors, photocurrent is given as

jp = Pygr S hr, = Prgr g/ vl

where F is the impinging optical power, # is the quantum
cfficiency {or absorbance), 7. is the carrier lifetime, 7, is the
transit time, and ¥ is the applied electric field across the
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figure 3. Photocurrent texsperature speciroscopy results. (a)
Photocurrent vs femperature and photocurrent guenching vs tem-
perature (shown in inset) reveal a single sensigzation center 0.16
eV below the conduction band. (b) Photocurrent temporal response
as a function of teroperature reveals an activation euergy of the
senstizing center of 012 ¢V below the conduction band. in good
agreement with the value extracted via photocurrent quenching.

device of length L. Photocurrent is thus proporticual to
mobility and carrier lifetme. In sensitized photoconductors,
at low temperatures where all {rap states act as sensitizing
centers, i.e., the electron quasi-Fermi level lies between the
feap state energies and conduction band edge, carrter lifetime
is temperature insensitive.'? Photocurrent then follows the
mobility dependence on temperature which for nanocrystals
solids has been reported to vary as:

o - E kT
A= e
where g 1s the temperature invariant mobility factor and I,
is the mobility activation esergy.” With increasing terper-
ature, the electron guasi-Fermi level drops followed by
therinal depopulation {(or desensitization) of the electron trap
states. Carrier fifetime then becomes temperature dependent
characterized by a thermal ennission rate given by
e O N vy, exp{—~AE/KT

where G, 18 the capture cross section of the trap, N, is the
density of states in conduction band, vy is the thermal
velocity of the carriers, and AF is the encrgy depth of the
trap measured relative to the conduction band edge. Photo-
current in this regime s deterpuined by the two competing
mechanisms of increasing mobility and decreasing lifetime
with temperature, feading to photocurrent quenching.
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‘ignre 4. (2) 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 om wavelength.

The method of experimental in "-a‘iiga‘mn and analysis is
described in detail elsewhere”™ Figure 3a shows the
photocurrent as a function of temperature. At Jow temper-
atures, where the sensitizing centers are not thermally
quenched, and therefore the devices are fully sensitized,
responsivity increases with temperatire following the mobil-
ity thermal activation of 0.14 ¢V similarly reported for such
materials.> ! At elevated femperatures, photocurrent quench-
ing iakes place as a result of thermal deactivation of the
sensifizing center. The slope of the guenching rate with
tenperature {inset of Figure 3a) yiclds an activation energy
0.16 eV from the conduction band. This agrees well with
previons reports of the shallowest center i butylamine
treated PbS nanocrystal photodetectors.” We ascertained the
same activation energy using an independent method,
vestigating thx: dependence of the photoowrend ransient
on teroperature.’? This method provides a direct measurement
of the trap state thermal emission rate. Using this method,

therefore, we verified the sensitizing centet’s energy o be
(.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
irnaging applications requiting the combination of sensiivity
and accepiable temporal response. The spectral responsivity
is reported in Figure 3a.'* Responsivity was measured at

Nano Lett, Vol & No, &, 2008

intensity levels of ~200 aW/cm® using a 642 nm LED. The
device was hinsed to 10 V. We measured the poise current
in the device!® and plot in Figure 3a the detectivity, D#.8
Sensitivity is retained without compromise: 2% greater than
1% Jones is obtained across the visible spectrum. Figure
3b also illustrates the device responsivity and detectivity as
a function of modulaton frequency. The absence of long-
fived trap states is evident from the flat response of
responsivily ai frequencies below 5 Hz where the sensitizing
centfers assoctated with the ~400 ms and ~2 s fiee constands
woudd determine the responsivity rofl-off.>¢

We have shown herein the fine-tining of macroscopically
observed device performance via careful manipulation of the
chemical species present on semiconductor nanoparticle
surfaces. Specifically, we have ransformed an unacceptably
slow photoconductive pbotodetector into one that is suf-
ficiently fast to respond to be suitable in imaging applications.
By simultaneously reducing internapoparticle spacing, we
achieved this improvenent without compromising the highly
desired photoconductive gain. More broadly, the work
derponstrates the applied power of careful compositional
control on the panometer lengthscale.

I
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For spectral responsivity measurements
sample connected in serie tha?2
was provide by a white light source (ScienceTech lne. TH-2) dispersed
by a Triax 320 monochromator and mechanically chopped at the
frequency of interest. Optical filters were used to prevent grating
overtones from ihuminsting the sam The voltage across the load
resistor was measured using a Stanford Research Systems SR830 fock-
in amplifier. The intensity transmitted through the monochromator at
each wavelength was precalibrated—and controlled via a variable
nator—to be ~300 nW/em? Photocurrent was then extracted by
the ratio of the re ed voliage in the lock-in amplifier over the load
iN T

a bias was ap to the
MQ load resistor. Hiumination

res

{15) Dark cucrent no

e in the photodetectors was measured using a Stanford
Research SR830 lock-in amplifier. The devices were biased using
alkaline batteries, and testing was done in an elecirically shielded and
optically sealed probe station on a flosting table to mim ational
noise. The reported noise current, nornalized to the measurement
bandwidth, divided by the responsivity under the same measurement
conditions yielded the noise equivalent power (NEP). The normalized
detectivity DF* was oblail 15 a function of wavelength, applied bias,
and center frequency by dividing the squara root of the optically active
area of the device by the NEP.
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ABSTRACT

The introduction of selective emitters underneath
the front contacts of solar c¢ells can considerably
increase  the cell efficiency. Thus, cost-effective
fabrication methods for this process siep would help to
reduce the cost per W, of silicon solar cells. Laser
Chemical Processing (LCP) is based on the waterjet-
guided laser (LaserMicrodei®) developed and
commercialized by Synova S.A., but uses a chemical
jel. This technology is able to perform local diffusions at
high speed and accuracy withoui 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 emitier formation. These parameters are
used o fabricate high-efficlency 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 peint contacts [1L
Another relevant improvement is expected by using
iocal strong diffusions underneath the front contacts. In
this case the Hlluminated emitder can be optimized for
blue sensitivily and optimum passivation without the
need of providing a low contact resistance. This concept
is already manufactured in a high volume production at
BP Soiar {2] under license of the laser-grooved buried
contact solar cell of UNSW [3]. However, a strong
simplification of the process chain is expectad when the
iocal high doping is performed by LCP [4]. in this paper,
we prasent 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 celis
with LOP selective emitter.

BEMEFITS AND CHALLENGES OF HIGH SHEET-
RESISTAMCE EMITTERS

The use of lluminated emitters with higher sheet
resistance is known for the potential fo increase the
open-circuil voliage as well as the internal quantum
efficiency in the short wavelength region. This was
shown recently by a comprehensive study [8]. Using
homogeneous emitters betwsen 40 and 90 Q/sq with
hot-melt screen-printed and slectroplated front contacts,
combined with oxide-passivated LFC rear sides, an
efficiency increase of 0.5 %a. has been cobhserved.
However, the celis with 80 (Usq emitters showed the
best values of Voo and i, but the series resistance

978-1-4244-1641-7/08/$25.00 ©2008 IEEE

increased considerably from .60 o 1.12 Qom?. A
further increase in sheet resistance would lead to even
higher contact resistance so that the full efficiency
potential cannot be exploited.

Metle [0} calculated also the optimum contact widih
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.g9.), the optimum contact
width is decreased as wall. This also means a higher
density of smaller fingers that nesd fo transport less
current to the busbar, thus requiring smaller heights
than can bs manufactured faster in the sleciroplating
Process.

FABRICATION METHODS FOR SELECTIVE
EMITTERS

Commoercial LGBC cells make use of dry lasers to
open the front SiNy layer. A subsequent damage sich
and sacond diffusion with PSS sich are neaded before
the plated metallization can be applied. For lab-scale
cells, photolithography can be used to locally open the
AR fayer without the need of damage etching.

SN
Figure 1: Principle of LUP selective emitter fabrication. The
opening of the SN, layer and looal high doping is performed in
the first step. The depesition of a seed layer and subsequent
plating then follow o complete the metallization.

LCP provides a more elegant way o perform this
process step, of 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 chamically after the
laser process. Hence metal sesd laver deposition and
contact thickening via electroplating can follow right
after LCP. In this way, two wet siching steps {(damage
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etch and PSG sich) and one high temperature siep
{second diffusion) are saved.

EXPERIMENTAL RESULTS

Since the numerical simulation of the entire LCP
provess in not yet available, a paramester study has
been performed on a simple device structure, The used
materigl was 8 02 om FZ(B) from which planar solar ceils
have been fabricated, featwring a 50 Ofsg industrial
emitter and PECVD SiN; AR coating. The rear side was
fully contacted via Al scresn-printing. We performed
LOP with HsPQO4 as carrier liquid and two different laser
systems: A frequency-doubled Nd:YV0O, laser from
Edgewave® with ~10 ns pulse duration and an infrared
NA:YAG laser with ~1 ys 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 Hght-induced plating (LIP) as contact thickening
step.
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Figure 2: Suns-Ve. measurements on simple planar calls with
screen-printed A-BSF and LOP selective emitter and Mior
TiPdAg seed layer. Green bars: LOP performed with 10 ns
green aser, red bars: LUP performed with 1000 ns infrared
laser.

X-axis: laser energy density.

In Fig. 2, the results of Suns-Voo measurements
are shown. From the measured Voo values we derive
that the green laser performs much beller than the
infrared laser. Also, lowar energy densities seam o ba
beneficial for high Ve, No large difference hetwsen the
twiy seeding technologies in terms of Ve can be
obsarved. However, the pseudo FF reflects a strong
degradation dus to the Ni plating, especially for the
infravend laser cells. The increased recombination of
these samples ocours mostly at the low-voltage part of

978-1-4244-1641-7/08/$25.00 ©2008 IEEE

the 1V curve so that it degrades the fill factor but implies
anly a minor effect on V.

We measured FF, Rs and the contact resistance pe
on the finished cells. Maximurm FF above 78% could be
demonstrated using the green laser and low anergy
densities. The R; values of the celis madeﬁ with the
green laser range between 0.4 and 0.7 0 om™ showing
a sufficiently low level Contact resistances below
1mG om” could be measured via TLM which were
further reduced o 0.1 — 0.6 mGCem® via multiple LCP
passes.

From these preliminary experiments we derived
suitable jaser parameters for fabricating high-efficiency
solar cells with oxide passivation and LFC local point
contacts., For these cells, we performed the LOP siep
rightt after a 120 (Wsq emitter diffusion before the oxide
passivation. So  the oxide was shructurad by
photolithography and the TiPdAg contact seed layer
was evaporatad before Ag LIP was used to thicken the
front contacts.

Tha best cell parameters measured on 250 um
thick 0.5 and 1 Q om FZ{B} are shown in Tab. 1. Open-
circuit voltages up to 865 mV, short-circuil currents
close to 39 mA/lem” 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 ceifs.

R RaY

T 244

3O em G649

Table 1. Best cell results for high-efficiency solar cells with
oxide passivation, LFC rear side and LCP selective emiiter,

T

HOS

o+ LGP+ TiPdag
+ HMR SP
- g+ MM SR

ao b @ pitide 48 Wsg + HM 8P
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& fnm
Figure 3. 1QE of oxide passivated LFC solar celis with different
amitler diffusion and coniact methods (HM SP hot-melt
screen-print). All cells contacts are thickened by Ag LIP.

<

Comparing the IQE of thess high-efficiency cells
with the celis with hol-melt screen-printed front contacts
on 40-80 (d/sq emitters of Ref [5], the improvement in
the short wavelength region is obvious, of. Fig. 3. in this
curve, also one of the technological problems of the cel
batch is visible: The passivation of the rear surface is
not optimal so that a dip in the IQE arcund 1000 nm is
observed. Combined with the non-optimurm random
pyramids {exture, g loss in efficiency of about 1%us is
generated.
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To determing the contact resistance of the LCP and
reference cells, we performed TLM measurements.
From these we found that the conlact resistance on the
120 Qfsq emitter could be reduced by a factor of 4 via
the LCP selective emitter (from 4.0 mGem® to 0.9
milom). In Fig. 4, these data are put in the graph of
the calculated total loss of a solar cell with 120 Qfsqg
amitter from Mette [6]. It can be derived that the
optimum  confact width is decreased from 22 pm
{evaporated TiPdAg on emilter) to 12 um (evaporated
TiPdAg on selective LCP emitter) and the total loss is
decreased by about 1%:.

12

[ s B v B v

=~

1 10 20 30 40
Contact width w,, [um]

Figure 4: Calculated tolel loss of solar cells with plated
contacts and 120 {sq emitler and varying contact width and
contact resistance (from [6]). The use of LCP selective
amitters allow for smaller contact widths and lower total losses.

This calculation raises the guestion whether such
fine lines can be manufactured. While 30 pm nozzies
are readily available, allowing for ~27 pm sireet width in
chip dicing with LaserMicroJet®, we performed LCP
tests with a larger nozzle. in Fig. 8, a microscope
picture of a damage-eiched Cz silicon surface coated
with PECVD SiN, is shown. We used a 180 pm nozzle
{resulting in ~125 pm jet diameter) (o scribe the surface
with LCP and H:PO4 as carrier liquid. With the right
choice of laser parametsrs, 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 um nozzle.
Therefore we expect that the reduction in contact width
will progress so that the efficiency potential of solar
cells the LOP selective emitlers can be realized at full
extent.

978-1-4244-1641-7/08/$25.00 ©2008 IEEE

Figure §: Light microscope picture of SiN, opening of ~25 pm
width machined via LOP (HaPO4) with 150 um diameter nozzie.

SUMMARY

in this work, we presented Laser Chemical
Processing (LCP) as an elegant method to manufacture
selective emilters for high-efficiency sclar cells. From
prefiminary experimants, 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
parformance 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 um. Hereby, the pixel size of commercial array detectors is
limited to 400 - 100 um, 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:

o 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 um 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
Storage Systems Real-time Systems
Eilm Storage Phosphor Indirect converting Direct converting
detectors detectors
Image Intensifier  Scintillator + Amorphous Polycrystaline  Single crystal
semiconductor  semiconductors  semiconductors  semiconductors
Gd,05T0 a-Se Hal, Si
CsliTh o-SiH Pbl, GoAs
Nak:Ti InP
Cdznle
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:Eu®". The irradiation by He-Ne laser (A = 633 nm)
produces fluorescence light with A = 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

2
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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: Tl with a photo-muitiplier. In modern 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-fo-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:

(S/N), ()
(S/N)%(v)

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

DQE(@) =

Certainly, detector efficiency is a prerequisite for a good SNR. A photon of energy E,
produces a charge Qg in the detector:
— E}’
O =9 E,
Een 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:

CCEz—Q--IOO%
0

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) cm?, which are partly suitable for the direct refurbishment of
radiographic film devices by digital radiography, and smali high-resolution detectors
with active surface areas of several square centimeters. FlashScan 30 of dPix LLC
(USA) with a surface of 30 x 40 cm? 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 ym. Today, high-resolution X-ray detectors with pixel
sizes of approximately 20um 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.

1

o o
221 =]

relative amplitade
o
oy

Ipfmm

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

The contrast (C) of an image is defined through the maximum range of radiation
intensity normalized to the maximum intensity Inax:
Imax “Imin
C ool
I

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 (Ilp/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.

4
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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 um 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 8). 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

Incldent X-ay

WU

CMOS read out chip

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

WL

Schottky contact
solder bump

CMOS read out chi
P metallization layer

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

6
SIONYX1403000018.0073

SAMSUNG EX. 1002 - 1592/4148



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-I-N detectors (a sequence of semiconductors of p-,
i- and n-type) [10], and M-I-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=

Hpay sboorption
&

oot} S o

X-ray energy / ke

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

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:

e High X-ray absorption

o High light output with good spectral matching to the PIN photodiode (400-800

nm)

o 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-Tl 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 La,0,S-Ce scintillator was proposed [12]
analogous to the Gd,0,S-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(NO3)2 [14]
Inorganic scintillators based on LiF-UO2(NO3)>-CuF; [15]
Storage luminophor based on LiF-U,Ti [16]

Scintillation wave-guide detectors based on AgCI-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 (A=855 nm), GaAs (A=790-890 nm),
MgAIlLO4 (A=675-725 nm), Bi,Gas0g (A=610-710 nm), Hgl, (A=530-650 nm).

The Hgl, compound is known to be both, a semiconductor and luminescence
detector [17-20]. Under X-ray excitation (300 KeV) the luminescence spectrum of
Hglz 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 us (30%) and >10 ps (70%)) is caused by defects (impurities).

The cooling of Hglz 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 Hgl»
helps to increase the loading ability of electronic tracts and thus for faster registration
of X-ray signals.

The calculated light collection coefficients (Kic) for Hgl, 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

Hgl, crystals with a thickness of 2 o 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).

100
Keray enargy | keV

Figure 7: Energy dependent linear attenuation coefficient i 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].
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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 ym 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 transporied 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 Hgl, 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:Tl or Na:Tl. PIXIUM 4600 by Trixell Company, France (43 cm x 43 cm, 9 millions
pixel, 143 um 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 um 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 mm? 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 resulis 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 10
"%.

" a-8i:H thin film system > 5
&

(&

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
compenents 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 um.

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. “Fire Wire” 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- Nirnberg,
Kollogiumsbeitrag, 05/04/2001

2) M. Schieber et al., Nondestructive Imaging with Mercuric lodide Thick Film X-ray
Detectors, Advanced NDE Symposium, Newport Beach 3/4/2001

3) hitp://www.simage fi/technology/

4) Fax ,Siemens Festkérper-Matrixdetektoren May 1997

5) http://www.directradiography.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.

Table 2: Properties of Scintillators

N Scintillator B, % R, % 1, NS A, M
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, SrF,-Th 10 40 100, 4200 380, 546
5. Y,SiOs-Ce, Th 160 10-12 60 420, 546
6. Gd,SiOs-Dy 14 15 15 480, 580
7. La,0,S8-Ce 10 - 10, 1200 450-500
8. Lu,SiOs-Ce 70 10-12 20 420

9. | NayZrSiOs-Eu,Tb 15-20 25 50-70, 420 320, 546
10.| Gd3Sc,Al;01,-Ce 8 70 40, 1500 570
11. BisGesOq2 10 17 60, 300 495
12. Pb(Mo,W)O4 7 70 5-10 475

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

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

n -~ m—
« ) c < > 5
& | £ ec | § | 2| B fo o T
[ 2 £ =2 % - & ® o ;“75
Materials | = | 8 & >5 3 3 o g < =8
7 S o g vt = o 3 8
51 | 85| 8|S | 2| 5% | 3£
@ T Pt
o 4 £ L g
1. Nal-Tl |367| 415 | 230 | 1,85 | 100 | yes |-30..+150| no
2 CskTl | 471 550 45& 11 179 % | ves |-30..+150 | 12 mm
3. | caFyEu |318| 435 | 940 | 147 | 50 | no |-30..+150| no
. 15— rela-
4. | BiGeOp |7.13| 480 | 300 | 215 | 1| @ 130 4150 | o
5. | Y,Si0sCe | 4,45 | 420 20 | 18 | 45 | no |-30..+150| no
6. | Lu,SiOsCe | 7.4 | 420 | 2040 | 182 | 375 | no |-30..+150| no
7. | Cliglss |26 | 50| 60 |15 | 46 | no no
8. ZnSe-Mn | 5,42 585 1-10 2,6 4-6 no -60...+200 no
9. | e |542| 630 | 1ps | 26 | 68 | no |-60..4200| no
10.| cawo, |790| T 2°£’° 194 | | no |-10..4100 | no
11.| Plastc | 1,03 36750‘ 28 | 158 | 30 | no 0...+30 yes
12. Csl-Na 4,51 420 630 1,84 85 yes -30...+150 | 1-2 mm
13.| BaF, |488| 310 | 630 | 15 | 16 re\'lit" 5..4200 | o
14. | Gd,Si0s-Ce | 6,71 | 440 | 30-60 | 1,85 2205" no | -5..+200 | no
15. | Li-Eu |4,08| 470 | 1400 | 1,96 | 35 | yes | -5.+200 | no
16. | ZnSe-Te |5.42 %L%‘ 3/~50 | 2.6 23*8 no | -60..4200| no
Fiber 50m
17. | scintillation | 6.4 'fo.a%" 2212 80 | no |-60..+200| and
light guide ’ more

References

[ 11 U. Zscherpel, Film digitisation systems for DIR: Standards, Requirements, Archiving and
Printing, Jour. of Non-Destructive Evaluation, 20 (2000) 53-56

[ 2] M. Rossi, F. Casali, S. V. Golovkin, V. N. Govorun, Digital radiography using an EBCCD-
based imaging device, Appl. Radiation and Isotopes 53 (2000) 699-709

[ 3]1E. Hell, W. Knupfer, D. Mattern, The evolution of scintillating medical detectors, Nucl.
Instr. and Meth. A 454 (2000) 40-48

16
SIONYX1403000018.0083

SAMSUNG EX. 1002 - 1602/4148
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A High Speed 4 Megapixel Digital CMOS Sensor
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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 fp.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.1.

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 fp.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 fp.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 I, and Fig.4 presents a minimally
color-corrected JPEG-compressed image from the sensor.

References
1. A. Krymski, N. Bock, N. Tu, D. Van Blerkom and E. Fossum “A High- Speed, 240- Frames/s, 4.1-
Mpixel CMOS Sensor”, IEEE Trans. Electron Devices, Vol.50, 2003, pp.130- 135.
2. R. E. Suarez, P. R. Gray, and D. A. Hodges “All- MOS Charge Redistribution Analog-to-Digital
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3. P. E. Allen, CMOS Analog Circuit Design. Oxford University Press, 2002, pp. 483- 485.
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Fig.1. Pixel and column readout simplified schematic
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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 1PAM

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.OLi and H. W,

Kraner

Brookhaven Natiomal Laboratory, Uptom, NY 11573

Absiract

Experiments on inwrinsic getiering of high resistivity
float-zone silicon wafers used for silicon position sensitive
detectors 1o reduction of detector leakage current.
Minority casrier life-time of gotiered S wafers was increased
and measurements of C-Y chavacterisiics of g petteved 8i walers
also indicate thas the getlering process pmdmbs an improved
8i0,/Si interface. Intrinsic gettering was also compared with
As-implanted back side getiering, and found to be superior in
this case.

o
&

Gettering technigues have bee
years in VLS technology to remove impurities and defects
from the active regions of semi uctor devices.  The
technique termed extrinsic getiering introduces impurlly sinks
on the back of ﬁi]imn wafers external means, such as ion
implantation [1}, epitaxial misfit dislocations [2} or surface
dgrnage Intrinsic gettering, on the other hand, uses oxygen
precipisales growsn dw;r*g, the heat treatments io remove
defects f;f;m active regions of the semiconductor device.
However, intrinsic geuering has been Eourxd 1o be successful
only in Czochralski-grown {CZ)} silicon, where high oxygen
content exists (~10¥ om3), [3] until recently when Nauvka et
al. found t in an (0, + HCI ambient, intrinsic gettering of
Floar-Zone {FZ) silicon can also be achieved [4,51 In FZ
naterial, intrinsic gettering is based on a delicate dynamics of
vacancy injection and removal {51 High resistivity FZ silicon
has been frequently used for detectors in the high energy
physics {6,7]. In the application of silicon drift chambers 2 and
other doub ded detectors, it is important o preserve both
sides of th ieon surfaces for the detector fabrication.
intrinsic gettering can be suitable for these applications. In
this paper, we will report our preliminary results of intrinsic
and extringic gctte:im;s of high resistive (~2-4 knem) FZ sili-
con wafers for the applcation 1o silicon position sen
derectons.

n widely used in recent

Materials used in this work are n-type TOPSIL <111>
and n-type Wacker <111> silicon wafers. Rssistivi\:y is about
4 kit em for TOPSIL S wafers and zbout 2 kitem for Wacker
Si wafers.  All wafers were given a standard cleaning hefore
oxidation.  TOPSIL & wafers were oxidized into three
diffarent groups prior to any other processing steps:

Oxide A: Straight oxidation in an O, ambient, followed
o/ N,} at the oxidation

Fhe oxide thickness for this group of oxides is

by an anneal in the Mrmng gas {4% H,
femperature

about 3000 A

‘,up,n,r ted by the U, S. Department of
Lx*crvw Contract No. DE-ACH2-T6CHO0016,

Cxide B: Three-step oxidation (1170°C for 6 hours, then
FO0°C for 18 hours, and then 1000°C for 6 hours, following
MNauka’s p"mednre except the oxidation ambient was 4% TCA
(trichlorethane) + 96% O, [:» J.  Oxide thickness for this
group of oxides is about 5900

Oxide O A modified three-step oxidation in an 1.5%
TCA + 98.1% O, ambient. This oxidation procedure yields
an oxide thickness of about 4500

The second and third oxidation procedures {Uxide B and
Oxide C) are typical inirinsic gettering procedures. The first
higI' temperature step in a TCA + O, ambient is believed 10

use extraction of 8t interstitials {or uu&-‘;ﬁon of 51 vacancies)
;f)} resulting in a denuded zone beneath the surface. The low
temperature step in the middle allows nucleation of precipi-
tates of 5i intersiitials. The final high temperature step causes
formation of precipitates in the bulk and gettering of defects
from the surface region.

After oxidation, TOPSIL 8i wafers were then either
rsenic {As} ion-implanted and annealed in N, at 800°C to
activate the dopant, or pbmphmm—dsfm\eu. on the backside of
the wafers. This step is to form a n* layer on the backside of
the 81 wafers for 1.V study and detector applications. Because
of the low difsnsmn } temperature and short tioe 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 1o 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>
St wafers is shown in Fig. 1.

Processing steps for n-type Wacker < 111> 8i wafers are
shown In Fig. 2. Some wafers were As jon-implanted on the
back side prior to oxidation., These fondmplanted wafers,
along with some control wafers (wafers with no jon implanta-
tion}, were then oxidized into Oxide A and Oxide C with the
same oxidation parameters as deseribed before. This group of
Si wafers were used 1o study the combined effect of extrinsic
and intrinsic gettering.

The capacitancevoitage (C-V) technigue was used 1o
determine the flat-band voltage and sivetch-out of MOS struc-
ures made on various oxides. Minority carrier generation life-
imes of various Si wafers were carried out by using transient
capacitance response technigue (C-T) on those MOS stiue-
tures [8-10L  The surface photovoliage technigue was used to
determine minority carrier diffusion length, using a Schoutky
diode structure with Pd as the meial contact.

Resyjts and DM

As stated hefore, TOPSIL Si wafers, oxidized into three
differens oxides (A, B, and C), were used in this portion of the
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study. To mosnitor oxide quadities such as the contemis of
various oxide charges and interface states charges, -V charac-
teristics of an Al-gate MOS structure made on each oxide

ere measured. Figure 3 shows an example of the results of
such measurements on Oxide A, B, and € with an As-
impla.ted back for an chmic n¥ contact. As demonstrated in
the figure, Oxide C (our modified three-siep oxide) has a
smaller C-V stretch-out as compared with the control oxide
{Oxide A}, indicating a lower interfacial state d ientity at the
Si/Si0, interface {10]. On the other hand, C-V sweich-out for
Oxide B {unmodified threestep 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, AV are larger for
Oxide C and Oxide B as compared with Oxide A, supgesting
farger oxide charges including mobile ions in Oxides B and C.
This oxide charge could be introduced in an uncentrollable
fashion durlng the implantation of arsenic after oxidation.
This point is supported by the smakier A\V@ for oxides (A, B,
and C) with Pdiffused n¥ back, as it is shown in Table L

The data in Fig. 4 demonstrates the {ransit response of
MOS8 structures made on the three oxides with As-implanted
backs, from which one can obtain information of minority
carrier generation life-time {r.) of the §i wafers {8-10]. At t
= {7, the MOS structures were ‘*)xased in accumulation {posi-
tive bias on the metal gate). A large negative vV = .20
volts in this mmy) was applied att = (‘; ( o gaoo) This causes
deep dapl etion inttially in the Si substrate since minority
carriers have finite generation time to establish an inversion
iayer, and capacitance is at its minimum C(=0) = €. As
time progresses, enough minority carriers would finally be
generated 10 cause inversion at the S§i/Si0, interface, and
capacitance is at its maximum C{nig) = Cp Minority carvier
7y is generally a function of tz. A simple
given as {10}

geqeran n time

8y

e Ny s the doping density, n; the intrinsic carrier density
=19 x 108 ¢m'3 at 23°C) and the Cuy the vaide capa-

citancs.

Table I summarizes C-V, §-V, surface photovoltage, and
minority carrier generation life-time on all three oxides, ft is
observed that minority carrier generation life-time, or diffusion
length, improves greatly, as comparsd with control wafers of
Oxide A, when the third oxidation {Oxide C) procedure was
employed.  For example, 7, in Oxide C is about 524 gs, &
50% increase from that of Oxide A. This improvement of the
wafer guality is also s‘zpponed by data on *he leakage cus-
rents, also shown in Table ? of p-i-n junction detectors made
on the cor nding o In fact, leakage current density
of detectors made on Oxide C is ahm,:i ope order of magni-
tude smaller than that of detectors made on Oxide A.

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

(2

where W is the depletion width, U, the diffusion coefficient
for holes, L, the diffusion length for holes, and §, the surface
recombination velocity. The first term in Eq. (2} 15 bulk gene-
ration current in the depletion lﬂjﬁf The second term is dif-
fusion current at the depletion edge, and the third term is sur-
face generation current. For i, with a large ny, diffusion cur-

Authorized
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rent can generally be Thus, Eq. (1) can be rewrit-
1en a5

neglected.

By

The dark current density of a 8i 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 €, minority
carried generation life-time r, 5 larger and interface states
density is srmaller than those ngi ungettered detectors made on
Oxide A, resul ting in a much lower overall leakage current
density, as it is shown in Table 1. We note that bulk genera-
tion cursent is the dominant term in Eq. (3) for p-i-n detectors
raade on oxide C.

ft is noticed that oxides in the group of Oxide B have
farge C-V stretchout (Fig. 3 and Table 1), indicating high
interfacial state demsity at the 3i/Si0, interface, about
100 em2, 1t s thus possible that high leakage currens density
observed here are surface leakage current via interface states.

¥ntrinsic Gettering and Extrinsic Gettering

In this portion of the study Wacker n-type <iii> 8i
wafers were used. This work is aimed o compare intrinsic
and extrinsic getiering using As backside implantation and
their combined effect on high resistive F2Z silicon walers, For
extrinsic gettering, arsenic ions were implanted on the back
side of S wafers prior to any high temperature treatment such
as oxidation. Our modified three-step oxidation {Oxide )
was employed for intrinsic gettering, which permits tempera-

ires up to 1100°C,

Table I summarizes data of minority carrier genamm
life-time and C-V characteristics of gettered (intrinsic and
extrinsicy and ungettered Si wafers, As one Ammcdnd-.eiy sees,
intrinsic gentering {mproves 'nwaorﬁw genesation life-time by 2
factor of five from 1.7.9 25 10 720 ys. On the other hand,
extringic getiering alone using As fon-implantation has Jittle
effect in 1mv>mvmg minority carrier life time, from 129 ps to
about 160 ps, an increase of ~25%. Though the energy that
goes into this nuclear process is bighest for As amount a nam-
bers of ion species, As implantation creates lowest residual
disorder after 1000°C temperature treatmemt [12]. Tt is
believed that it is essential to have a high residual disorder for
an efficient extrinsic gettering {121 It is clear that in order to
get higher ;,em*rmg efficiency from ion implantation, extra
processing steps {other than As-implanted n* back) may be
needed. One example is o use a hi gh dose Ar implantation
to create high residual disorder {121

In the case of intrinsic gettering plus extrinsic pettering,
oxidation C was performed on As-implanted Si wafers. Minor-
ity carrier generation life-time improved about 353%, from 720
x5 for comtrol wafers to 972 us for gettered (intrinsic and
extrinsicy wafers. This gestering efficiency is approximately the
same as that in the case of exirinsic getiering alone.

it should be mentioned that a sputtered 2-8i layer on the
back s of 8i wafers was found 10 have litile or no getiering
effect in this study. ineffectiveness conid result from
cither little disorder being introduced during the h})u‘i[eﬂf’"
process or the disorder was totally annealed out wvia solid
phase epitaxial, [13] leaving lintle residoal disorder for gekien
ing to take place. This is, “'OWLV(, stiff 2 preliminary fin ‘ng
and more work needs to be done in order to obtain conclusive
resulis,
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An intrinsic gettering techniques for FZ-zone high resis
tive siticon using TCA+O, ambient has been described. Tt
found that this intrinsic gettering process improves minority
carrier gencration life-time and SiQy/St interface properties,
leading to the reduction of leakage current of p-i-n detector
configuration.  Direct comparisons of intrinstc geitering and
extrinsic gettering using As lon-implantation bave bezn made.
Intrinsic geutering s found 10 be the dominant process in this
stuely.

1
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TABLE [ Summary of Effects of Various Gettering on

the Properties of Si and Si0, Substrates.

293

Ouxide A Oxide B

Treatment {in TCA/C)

Oxide €
{in TCA/O,)

Measurement  As Implanted  P-Diffused As Implanted  P-Diffused As Implanted  P-Diffused
u*-back n*-back nteback n*.back n*-back n¥.hack
Minority Carrier 358 153 312 113 524 432
Generation
Life-Time
0 {us) (x20%)
[o8Y
Streichout [ XY 8.9 19 25 8.65 0.9
sY(Volt)
Interface States ) )
Density 481010 4.3x1018 9.1x10% 1.2x30M 3.1x16% 4.3x1010
Ny {om2)
Flat-Band
Shift 72 4.2 -14.1 9.0 9.3 -4.3
AVgg{Volt}
Diffusion
Length 180.4 1230 18%.4 1613 1935 192.
Ly (o}
p-i-n Junction .
Leakage Current  1.5x107 - 103 - 7 0w 1078 -

Density
I (Amp/em?)

Tablz 1. Comparison of Intrinsic Gettering and Extrinsic Gettering

Oxide C

{Intrinsic Gettering)

Oxide A
{Straight Oxidation)

Control As-implanted Control As-implanted
{Intrinsic) Intrinsic and {Control) {Extrinsic)
Extrinsic)
7o{us) T2 972 129 160
(% 209)
AV (V3 385 4.2 5 6.5
sY(V) 0.6 0.8 04 0.5

Autherized licensed use limited lo: Penn Stale Universily. Downloaded on May 26, 2008 at 15:38 frorm JEEE Xplore. Restriclions apply.
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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 &
{ow noise MOS amplifier. The top and the bottom plates of the sensing capacitor are composed of two overlapped free~standing bimaterial
cantilever beams. The bimaterial 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 bearus is such that the metal laver 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
cpposite directions, enabling a large change in the sensing capacitor. Residual stress and curvature in each layer can be modified by an ion
iruplaniation technique. The advantages of the pixel design include extremely high sensitivity and low 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 bimatenial thickness on the

microbelometer performance have also been wmvestigated.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Microbolometer; Noise equivalent {emperature difference (NETDY,

Infrared shsorption spectra

Bimaterial cantilever, Thermomechanical response; Stress modification;

1. Inmtroduction

Infrared {IR) deteciors have extensive medical, industrial,
military, and cornmercial 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 teraperature difference (NETD) [2],
but requires the devices {0 be kept at a reduced temperature
{~B0 K} to minimize the effects of internal thermal noise.
The high cost of cryogenic R cameras has Hmited their use
to primarily scientific research and military applications.

Without the cooling system, IR cameras can have 20 times
power reduction, 10100 times size reduction, aad 10 times
cost reduction. Currently, two types of uncooled IR cam-
era, L., resistive microbolometer and pyroelectric detector
arrays, are commercialized. Both have demonstrated NETD

* Tel: +1-617-353-1895; fax: +1-617-353-1896.
Femail address: blacli@bu.edu {B. Li).

03934-4247/% ~ see front matter © 2004 Elsevier BV, Al rights reserved.

doi:16.1016/.5na,2004 .01 931

of less than 20K [3] and 50 mK [4], respectively, and re-
spouse 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
fevel.

Recent advances in  micro-electro-mechanical  sys-
tems (MEMS) have led to the developrent of uncooled
single-cantilever microbolometer arrays, which fusction
based on the bending of 3 bimaterial beam upon absorption
of optical energy. The reported NETD for the cantilever
type thermal detectors range from 5K to $SmK [5-71
However, their manufacturability, planarity and refiability
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 microholometer is inversely
proportional to the gap distance betwesn the cantilever
and the subsirate. 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 saceificial
layer remaining 1a the released structure.

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

2. Principle of double-cantilever micrebolometer

The double-cantilever microbolometer thermal irnaging
systern employs arrays of thermally sensitive micro-ma-
chined bimaterial elements. Each pixel in the arrays consists
of two overlapping bimaterial cantilever beams that bend
m opposite directions as their temperature rises due o ab-
sorption of incident infrared radiation. Figs. 12 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 2 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
fayer on the top cantilever beam. A thin MNiCr {90/10) R
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

IR absorber

Thermai i
Woolation Jeg  OPCBor  disphregm

'}Seﬁsiag —
CapROHOT e BIN,

Ml

$ihy

T M3

b}

Fig. 1. {a) Cross-section of a pixel showing the major elements and
materials of the double-cantilever microbolometer structure. (b} Cireunit

diagrare of the amplifier and the addressing cireuit at each pixel.

BN

Milr

Al

Fig. 2. The exploded top view {a} and side view (b} of the doubdle-cantilever
microbolometer structire. 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. 1b). In the design, thermally
isolated support fegs prevent the heat from being shunted
down t¢ the substrate, while the electrical connection on
the top of the thermal insulator is highly optimized, having
minimurn 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 farger than that 1o a single-cantilever
structure. As shown in Section 4, NETD is ~13 and
~8mK for single and double-cantilever microbolome-
ters, respectively. Moreover, there is no additional
dielectric layer between the metal plates of zemsing
capasitor, 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
misrobolometer,

High image quality with pixel-by-pixel image-correction

capabiliry: In Fig. tb, the relative amplitede of ¥y and

Va can be used to adjust the offset at each pixel, ¥Va

itself can be used to adjust the gain at each pixel.

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 A/4 gap is designed in order o

increase the IR absorption efficiency [7].

(e) True design and manufaciuring fexibility: The thick-
ness of the first sacrificial layer (between the substraie
and the bottom cantilever} is ~2.5 pm for the pur-
pose of forming a A/4 resonant cavity, whereas the
thickness of the second sacrificial layer (between the
double-cantilever beams) is designed to be less than
0.5 wm for the purpose of improving the sensitivity.

() 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
mapufacturability.

o
&
—r

(@

v

3. Concept evaluation

The requirements of the cantilever microbolometer de-
sign include the following: (i) the pixel’s temperature rise
must be maximized, and (3t) the thermomechanical response
must be optimized for a given incident flux of IR under the
constraints of the predetermined pixel size. In addition, in
ardeyr o achieve real-tirne 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, thermomechanics, pixel
stability and noise are important issues that need to be
carefully balanced.

3.1, Maierial selection

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

Table |
Thermophysical properties of materials {12]

[}
w
s}

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

(a) IR absorber: Low stress SiN; [10,11] and thin NiCr
fayer [8] are chosen because they can absorb IR effec-
tively in the range of 8—14 pm.

(&) Bimaterial actuation: Two materials shall have a large
mismatch in coefficients of thermal expansion (CTE).
PECVYD low stress 31N, and Al seem 1o be good candi-
dates as the bimaterial pairs.

(¢} Thermal isolation: The thermal conductivity of the two
materials must be low. Based on Table 1, SiC, 81N, 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, Infraved absorber

Both metal and semiconductors can be used as an infrared
absorber material for IR detectors [8,10,111 However, the
complete infrared absorption spectra of IR absorbing mate-
rials for uncooled microbolometer system are little studied.
Hased on the optical constants of metals [13] and semicon-
ductors [8], we calenlated the infrared absorption spectrum
of the typical IR absorber materials, i.e. Al, Au, Ni and SiN;
using a transfer matrix theory {141 Fig. 3a illustrates the
calculated infrared absorption spectra of Al, An, Ni (Snm
thick} and SiN; {1 pm thick) on a silicon substrate. To re-
duce dramatic reflection in thick metal films, a very thin
metal laver is required for optical absorption due to its high
refractive index. As for the SiN, film with a small £ (the
imaginary part in the refractive index), the film thickness
must be mors than ~1 pm {the optical penetration depth}
[10}. it is seen that as the wavelength mcreases, the absorp-
tion decreases much faster for thin Al and Au films than
that for 8iN, and Ni films. Therefore, SiN, and Ni are good
candidates as infrared absorbers in the 814 pm wavelength
range.

A A4 resonant absorption cavity can enhance the opti-
cal absorption in the wavelength A [7]. This is demonstrated
in Fig. 3b. By using a resonant cavity with a 2.5 um gap
distance, the infrared absorption at 10 wm increases signif-
icantly compared to the film deposited directly on the Si
substrate.

Young's modulus Paisson ratio Expansion coeflicient Thermea! conductivity Specific heat Density {g/em®)
{{3Pa} (2107 K1) (W/Aom¥K)) {H{kg KR

Al 76 $.35 3.1 235 SO0 27

Au 78 .42 14.2 32 i3z %3

Nilr 200 8312 123 0.507 440 g9

Poly-8i 16% .22 25 i.5 753 2.33

itz 3040 $.26 3.2 .35 333 2.44

8i0; 79 0.17 0.5 0.011 227 22

SiC 415 0.16 1.1 0.013 718 316

SIONYX1403000019.0001

SAMSUNG EX. 1002 - 1616/4148



354 8. Li/Sensves and Actuators A 112 (2004} 351359

o8 #— 1 pm SIN,

g B N
e SOUTE AL
0.6 fv’\ e Sy A

g
c QN PR S
ﬁ 0.4 &ﬁ‘a \&Lwasﬂgd)“*
bt
g" % ”%%m“”
,.g ‘K Riis Y |
& 0.2 v\t L
M M“MMM
0.0 . .
3] 4 51 ‘!2 16
() Wavelength {um}
1.0
2.5um cavily
0.8 - o v directly on 8
]
e 0.64
L
8
g
g 0.4
]
<
0.24 1 um SN film
0 4 8 12 18
ib} Wavelength {um)

Fig. 3. {a) The calculated infrared absorption spectra of an Al Au, Ni
(5nm thick) or SiN, film {0.5wm thick) on a silicon substrate. (b} The
calculated infrared absorption of 3N, filin with (solid Hineg) and without
(dashed line) & 2.5 pm resonant cavily,

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. I two cantilever beams are coostructed from
materials that exhibit dissimifar thermal expansion proper-
ties, these beams would undergo bsmiirag due to differential
surface stress in the structure [5-71. Assuming that the width
and thickness of cach individual layer 1o the bimaterials are
identical, the defiection, z, af the free end of a cantilever
beamn introduced by thermal strain will be [9]

2
- kA AT L ()
2
where Aa = o —a is the difference of the thermal expan-
sion coefficient for the bimaterials, L the length, ¢ the thick-
ness of the individual layer, AT the change in temperature,
and & is a constant which is related to the material properties

st k. S 2)
T E 4 El+ B E

where £ is the Young's modulus. The subscripts | and
2 denote the metal and disleciric layers in a bimaterial

cantilever, respectively. The movement of the plate, Az,

related to 2 change in temperature can be derived from

Eq. (1) as

Az 12

o kA 3

AT 2t &
The thermomechanical sensitivity for a double-cantilever

microbolometer structure can be expressed as

Bz| 14z
AT {AT

+
top

bottom

where |Az/ ATl and |42/ A Tyouem represent the deflection
per unit temperatuee for the top and botiom plates, respec-
tively, Consequently, the capacitance change of the sensing
capacitor is given by
AC z .
Sr=—— == 3
-6 T4z
where zg is the initial gap distance of the sensing capacitor,
and 7 is the average deflection. In a linear approximation

=k 6

where L and £y represent the minimum and maximurg 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 = g4 FF/G [1] where g is the absorbed IR flux, 4 the
area of each cantilever element, FF the il facior, and &

s the thermal conductance between the caniilever and the
summn(liﬂgs‘ To maximize AT, G roust be minimized. The
conductance arises from two main contributions

G = Giog + Gt @

where Giee 15 the conductance due to heat conduction
through the supportt legs between the pixel and the substrate,
and (g is the thermal radiative conductance bebween
the pixel and its surroundings. Conductive losses through
supporting legs is given by
‘.

Glg= Y (k;;;é)f (8)
where & is the thermal conductivity of the leg material, and w
is the width of the support leg. To reduce Gig, it is required
to use narrow, thin, and long legs made of a low thermal
conductivity material. The radiative conductance is given as

Gra = 4o(ey + )47 cl

where ¢ is the Stefan-Boltzmann constant, and £ and &,
are the emissivities of the top and botfom pixel surfaces,
respectively. Since radiation cannot be eliminated, Giyg
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 7 of the pixel should lie at ~20ms {for
30 frames/s) or ~10 ms {for 60 frames/s}. 7 is determined by
the pixel’s heat capacitance Cy, and thermal conductance

G

7= (103
where Oy = 3 (pdic);. p and ¢ are mass density and heat
capacity for / species, respectively.

35 NETD

METT 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 8 = AT /ATy, where AT, and ATy are the
change of the target and detector temperature, respectively.
if the signal sensitivity coeflicient is composed of several
factors such as imaging optics, spectral bandwidth, and the
thermal shunting due to parasitic thermal resistance to the
arnbient, we have

Fiep &
B == 4528, (} G =24 —“’) (11
Grad £y

whers 4F7 ia 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 sre modeled as a rectangular
spectral band pass funciion, the spectral bandwidth factor is
given by

4

B = M—“TW (12
J P, T

where P(),T} is the radiance of the target that is described

by Planck’s law [11.

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

NETDamp = ,/ -2 {13

where /v2 is the ms value of the equivalent input noise
voltage o the source follower amplifier, and By is the voltage
sensitivity to temperature at the amplifier input. The voltage
sensitivity to the temperature is obtained from the cirowit in
Fig. 1b as {15}

AVaY £ ACS Az Srv,
r=(52) () (55)~ 52 (14)
ACg Az JANAT 3

The phonon shot noise is expressed as

where kg is the Boltzmann constant, and Af'is the detection
bandwidth. The overall NETD is derived from the quadrature
sum of the contributors

NETD = /NETDZ,, + NETDZ, (16)

3.6, Signal readout

There are 2 number of possible readout schemes that
can be adopted for the vertical position determmmnation:
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 amiplified and
readout in a voltage signal. Fig. 1b shows a simplified sense
circuit. There are three applied signals, ¥a, Vg, and #p
and three transistors, M the reset transistor, My the scurce
follower amplifier, and Afy the row select transistor, There
will be additional transistors associated with V4 and Vg for
controlling the sub-microsecond sense pulses of opposite
polarity applied to Cy and Cr. If CaVp = —U3V), the
nominal signal applied to the amplifier transistor is zero.
Thus, the relative amplitude of ¥n and ¥4 can be used to
adjust the offset at each pixel. V) itself can be used to adjust
the gain at each pixel Gain and offset correction at each
pixed is critical to optimize image quality and increase yield,

Improvernent of NETD for the double-cantilever mi-
crobolometer systern also depends on better performance
of the temperature stability-control system [1]. The pre-
cise substrale temperature contrel requirement is driven
by two primeipal 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 elerment properties such as gap distance
between two plates of the sensing capacitor, supporting
structure thermal conductance, heat capacity, emissivity,
ste. The temperature control can be achieved through a heat
exchanger and a thermoelectric Peltier device.

3.7. Pixel stakility

Unlike resistive-type microbolometer systems, the elec-
trical stability of a double-cantilever microbolometer pixet
is ideal since the bias-induced self-heating cffect [17] is ne-
glected mn 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 eritical for space applications of the infrared
detectors. For example, the Mars Pathiinder Mission had ex-
perienced 80 mechanical shock events during the pyrotech-
nic separation processes. The effect of mechanical shock on
the double-cantilever microbolometer (s modeled using fi-
nite elernent simudation. Fig. 4 illustrates the out-of-plane
deflection of the double-cantilever bolometer as a function of
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0] shocks. The sensing pixel size is 50 um x 30 pm and the sup-
' port feg length is 50 pum. Since both plates of the sensing ca-
e D5 pacitor move ia the same direction for the double-cantilever
£ microbolometer subjected o mechanical shock, faihure may
2 1.0 occur when the bottom plate impacts the substrate. If the
% thickness of the first sacrificial layer is 2.5 pm, the device
% 454 can bear with {500g shocks.
o
% EY. I N 3.8. Stiction and stress modification
) Pixet stze: 50x50 pm
e 25 Support ieg fength: SOKM Ultimately, double-cantilever roicrobolometer arrays will
. . T be manufactured on CMOS readout electronics. Therefore, a
o She 1000 1500 low temperature micro-machining technique [19] is required
Mechanical shock (g} for micro-fabrication. For the proposed double-cantilever

microbolometer structures, commonly wsed sacrificial lay-

Fig. 4. Qur-of-piane deflection of the double~-cantilever belometer as a s ..
iy ? : ers {e.g. silicon dioxide, phosphor-silicate glass, etc.) are not

function of mechanical shocks.

Fig. S. Finite element simulation of double- and single-cantilever microbolometer structures upon IR inadiation. (g} Double-cantilever: 7 = 0.452 pm /K,
NETD = &6 mK. (b} Single-cantilever: ¥ = 0.227 pm/E, NETD = 13 mi.
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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 alumimum metallization [20]. The wet
etching refease processes are also qusceptible to sticking of
the released structures due to surface tension forces of lig-
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 problern with various types of
free-standing microstructures is the introduction of com-
pressive or tensile stresses. This ¢an be caused by a number
of different reasons, such as a film-substrate rismateh in the
coefficient of thermal expansion, a mismaich in the lattice
parameier, deposition induced non-equulibrium atomic ar-
rangement in the metal film, etc. [23]. The presence of such
stregses in bimaterial cantilever microbolometers causes
bending of cantilever beams. As aforementioned, the perfor-
mance of cantilever microbolometer 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 manufaciure 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 & technique to inteptionally introduce a desired degree
of curvature if needed [23,24]. The ion beam can flat an
initially curved microstructure by: (i) rendering an amor-
phous thin ilm layer of material near the semiconductor
surface, {ii} removing material at the semiconductor sur-
face after comtinuous bembardment, andfor (iii) affecting
through-thickness stress distribution. Optically flat surfaces
(curvature 0.001 mm™'} have been achieved on a number
of 3 pm-thick surface micro-machined sificon stmuctures, in-
chuding mirrors with either inmitially positive curvatire or ini-
tially negative curvature measuring up to 9.02mm™! [24].
This technique can be used for stress engineering i the
double-cantilever microbolometer architecture.

4. Simulation results

The mechanical deflection of the cantilever microbolome-
ter system as a function of temperature change is simulated
using finite element modeling. Fig. 5a shows the deformed
structure of the double-cantilever microbolometer structure
subjected to R irradiation. Obviously, the top plate is bent
up while the bottom one is bent down, The average move-
ment of two plates relative to the change in temperature
is 0,452 /K. This agrees with the numerical calculation
from Bgs. {11-{4) and (6), 0.448 pm/K. The parameters for
the simulation are listed in Table 2. From Egs. {1}-{16},
NETD in the double-cantilever microbolometer system is

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

Sensing pixnsl size (pm) 50 % 50
Support leg length, £ {(jem) 30
Bimaterial layer thickness, ¢ {wm) 2x81
First sacrificial layer thickness (pm) 2.5
Second sacnficial layer thickness {pm) 0.5
Support arm width, w {m) 2

Fiil factor, FF 0.7
Frame rate (Hz) 30
F-number i
Spectral band {m} 2-14
Sensing voltage, ¥y (V) 5
Amplifier noise, /72 {mV) 70
Nominal operating temperanre °C) 23
Target temperature () 28

calcnlated as 8.6 mK. This value can be further reduced by
decreasing the amplifier noise. If the amplifier noise is neg-
figible, NETD can be reduced to ~2 mK.

Fig. 5b shows the finite element simulation of single-
cantifever microbolometer structure subjected 1o IR
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Fig. 6. Effect of the sensing capacitor gap on {a) NETD and sensing

capacitance and (b} thermomechanical sensitivity of the double-cantilever
microbolometer system.
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irradiation. The temperature-induced deflection of the single
plate, 0.227 /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 paramieters
on NETD for double-cantilever microbolometer system. The
calculation is performed with an MathCAD software.

4.1, Sensing capacitor gap

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

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 sut-off frequency of the double-cantilever microbolome-
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 miceobolometer with 50 pum long
support legs, 104 He, is muvh larger than the frame rate of
conventional infrared camera. This implies that high imag-
ing resolution can be achieved using the double-cantifever
nuicrobolometer system. On the other hand, NETD increases
while the thermomechanical sensitivity decreases as the leg
length decreases. To realize a high density microbolometer
array, other materials should be used. As seen in Table 1,
SiC is & good candidate due to ite 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
METD, thermomechanical sensitivity, thermal time constant
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Fig. 8. Effect of the bimatesial jayer thickness on (g} NETD and thermo-
raechanical sensitivity and (b} thermal thue constant and cut-off frequency
of the double-cantilever microbolometer system.
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and cut-off frequency of the double-cantilever microbolome-
ter sysiem. The thermomechanical sensitivity decreases as
the bimaterial layer thickness increases aceording 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 bimaterial layer is desirable. In
this case, an IR absorber and resonant cavity are required
for effective IR absorption.

5. Comnclusion

A novel concept of uncooled double-cantilever mi-
crobolometer system is proposed. The simulated resuits
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
systemn include extremely high sepsitivity and low noise,
fiexibility in design and fabrication. The effects of sensing
capacitor gap distance, leg tength, 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 of the angular distribution of light scattered from several rough mesallic surfaces, which
cover a range of roughivess conditions. The subsiraie materials are steel or glass; roughened by bead-bissting, grinding, or
etching; and aluminum-coated. The measured surface-roughness statistics are filtered by using a composite roughness
madel. The raw mechanical roughnesses range from 0.21 2w 1o 2.66m; the high-frequency small-scale roughnesses
range from 0,1 30m to 0.86.m, The optical wavelength is 550nm, so that the roughness-to-wavelength ratio is of order
one., A BRDF model based on the Kirchhoff approximation is used (o establish o relationship between surface-height
statistics and the angular distribution of the scattered light, Anguler distributions caloulated with the BRDF model are fit
to the measurements. The best-fit roughness ststistics from the BRDF model agree closely with those measured for the
high-frequency small-scals roughness component. The Iatter roughness component, which has the highest surface slopes,
is thus the primary coniribuior to the angular distribution of the reflecied fight. We show that the KirchhofT approximation
can be applied to rough metallic surfaces that have multiple scales of roughness and nears, but not perfect, Gaussian
surface-height distributions,

Keywords: Optics, scattering, roughness, surfaces, reflectance, BRDF, Kirchhoff approximation, compuier geaphics

f. INTRODUCTION

Efficient snalytical models for the light scatiered by s swrface are needed in compater graphics in order to create
photoreatistic images of synthetic scenes and environments.’ The directions! light scattering by u 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 & practical method to estimate the surface-roughness siatistics,
either by direct measurement or inferred approximation. In this paper, we examing the usefidness of an existing
wave-optics reflectance model,? which Is based on the KirchhofT approximation,™ * for roughened metatlic surfaces and
propose a method of surface-height characterization,

£.5. Anslytieal modely for the BRDF

The directional propertics of light reflection at 2 surface can be characterized over the entire angular and wavelength
domains by the bidirectional reflectance distribution function (BRDF).S

For use in computer graphics, 2 BRDF model should be efficient, accurate, and easy o uss. Millions of BREDF evaluations
are required to get quality images even for 2 simple synthetic scene. Compact analytical models are preferred. Further, the
BRDF modet should cover the entire incident and reflection hemispheres, and the visible wavelength range, with good
aceuracy. This allows the rendering of surfaces under arbitrary vricniations 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 pewwer, the early BRDF models in computer graphics emphasized eflicioncy more than
aeeuracy, following an empirical apporach.®® To improve the models, sdvancements from optics were introduced ® %19
Arnong these, BRDF models employing the Kirchhofl approximation were promising due to their relative simplicity,
analytical form, ease of computation, sccuracy, and statistical representation of rough surfaces. The scalar form of the
Kirchhoff approximation was developed by P. Beckmann® and 2 more general vector form by A, Stogryn.? The laner
allows for a full Fresne! reflectivity and polarization, Based on the foregoing, X. He et al.? proposed s comprehensive
BRDF model (He-Torrance model heresfier) for computer graphics spplications. The model incorporates the vector
form,? the masking/shadowing factor developed by B, G, Smith,*! and applies for first-surface reflections. Any multiple
seattering on the surface, or any possible subsurface scattering, were mndeled with a constant Lambertian term. (More

Advanced Characienization Tachniques for Opties, Semicondudiors, and Nanolechnologies ¥, edited by Angaia Duparrd,
Bhamnwar Singh, Zu-Han Bu, Proceedings of SPIE Vo, 5878 (SPIE, Bellinghars, Wa, 2005}
(3??7»7363(}(3.:@‘15 dob: 10.1117/12.647837

Proc. of SPIE S8780V-1
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details on the He-Torrance model and the basic equations are available in Appendix A} Since the He-Torrance model is
based on the Kirchhod approximation, the validity of that approximation will directly affect any pradictions,

The limitations and accuracy of the Kirchhofl approximation have been studied theoretically and experimentally.
Cieneratly, the Kirchhoff spproximation is accurate when the radius of surface curvature (due to roughness clements, for
example) is large compared with the Hluminating wavelength and the angle of incidence s not large.*® In addition, the
accuracy may be limited by other assumptions of the theoretioaf muodel, such as a Gaussian distribution of surface heights,
a single lenpgth scale of roughness, or a constant reflection cosfiicient,

1.2, Experimental validation of BRIDF models

For computer graphics applications, experimental tests of BRIDF models are somewhst limited. Several BRDF
instruments were buiit and used to validate models,’® 13715 Perbiaps the carliest BRDF measurements used by the
enmpuier graphics communily were published by K. E. Torrance and E. M, Sparrow.’® Those measurements were
adopied to develop what is now known in the field as the Cook-Tormnce model® and the He-Tormnce model.?
Unfortunately, none of the measurements provided ample angular and speciral coverage. For validating the He-Torrance
model, the experimental studies included only Himited measurements of the surface-heights of the samples.

in the optics community, extonsive experimental investigations of Hight scattering have been carried out to validate varicus
BROF models. One classic study is that of K. A. 0"Donnell and B, R, Mendes,!” who took great effons to fabricate
perfectly Gaussian-distribuied surfoces with 2 single scale of roughness. The surfaces were fabricated by lithography,
which makes it possible to control the helght statistics.'® To validate the Kirchhoff spproximation, the susface-heights of
the surfaces were measured and analyzed. Nex, the BRDFs of the surfaces were messured. Caleulated direciional
reflectances based on the surface siatistics agreed well with the medsered reflectances. This success inspired more
experimental work to study surfaces fabricated with similar techniques. ! %% Although these “perfect” samples fed 1o
good agreement between the theory and the experimental resulis, the spplicability of the Kirchhoff approximation for
resl-world surfaces was still not verified, since such surfaces may not have nesr-Gaussian surface-height disiributions or
may have multiple scales of ronghness.

Experimenial studies of light scattering and surface-height statistics were also carricd out for “less perfort” samples, such
as aluminized ground glass,® magnesium oxide coramic, ' fused polyerystailine aluminum oxide,* hand-lapped
stoinfess sieel,® dismond-tumed brass/nickel,*® und epoxy contings.®” The agreement between theory and measurement
was less satisfactory, compared with “perfect” surfaces, E. Mans and T. V. Vorburger™ studied the refation between the
surface-heights of hand-lapped stainless steel (measured with a stylus profilometer) and the angular distribution of light
scatiering {measured with a laser scatterometer). A theoretical moded, based on the scalar form of the Kinchho!T
approximation, was used o compute the seatiering intensity with the height statistics; on the other hand, the model was
also fit to the measurements 10 obtain the height statistics. Multiple scales of roughness were rarely considered, a fact that
may partinlly explain the discrepancies between measured and caleulated results,

One approach to deseribe the Hght scattering from rough surfaces with multiple roughness scales is to use composite
roughness models, ™ Such models divide a rough surface into two independent components: a high-frequency
small-seale roughness riding on a Jow-freguency large-scale roughness. The light scattered by these two components is
trested separately by using either a perturbation or 8 Kirchhoff approach, depending on the height statistics. However, it is
impractical to directly use the composite models for computer graphics because of their complexity. Ancther spproach is
to measure the surface-heights and to isolate the roughness scale {or the spatial bandwidth) that dominates scattering
behavior. B, Marx and T, V. Vorbusges™ reatized the inyportance of the spatial bandwidth selection. They Sliered their
surface-hicight data to attenunte spatial wavelengths » 50um. The roughness statistics of the filtered data agreed better
with that inferred by fitting o BRDF model to the optical measwrements. However, this filtering technique did not havea
theoretical basis.

The first purpose of the present paper is {o provide measured data on light seattering with sufficient angular and spectral
coverage for computer graphics applications. Second, we want to examine the usefulness of the He-Torrance model for
some real-world metaltic surfaces. Third, a practical method is proposed to characterize such surfaces and o generate
input roughness parameters for the He-Torrance model, The rovised surface-height statistios can help to predict the
angular distribution of scatiered light for visual appeamnce simulations. For simplicity, we limit our effort to metallic
surfaces and the visible Hght spectrum,
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2. SURFACE PREPARATION AND CHARACTERIZATION

Five isotropic meiailic surfaces were fabricated with three preparation metheds, Surface-height messurements and 2
composite roughness model are presented. Table 1 provides a list of the samples and some measured and inferred
roughaess stgstics.

2,1, Preparation of rough surfaces

We chose two substrate materials (steel and glass plates) and three methods of surface preparation: bead-blasting,
grinding, and ciching. Our objective was to prepare uniform {(less than £10% non-uniformity ), large {larger than 160mm
# 100mm), and isotropic surfaces.

With bead-blasting, very small, perfectly round beads are propelled by kigh pressure air (o remove/deform the top layer of
a surface. This is a numerous, random, aad cumulative process resulting in 8 Gaussian surface. An industrial bead-blaster
was used {with glass beads of 9.25mm diameter). The air pressure was adjusted to fabricate surfaces with differemt
roughness heights. Surfaces BBQALL and BRQALZ were processed with air at 690k¥a and 138kPa, respectively. The
substrates of these test surfaces are (opanels (R-46}, a reference sicel panel (100mm x 125mm) used for the paint and
manfacturing industries, More than 10 minutcs of blasting guaranteed the randomness of the process.

Abrasive grinding usually results in non-Gausstan surfaces. Since the surface-heights generated by this process are
determined by the largest grinding grit, this process iz random but not cumulstive, We used 2 Buchler
Melson-Zimmer®2000 system to grind two pleces of 125mm » 125mm window glass. Grinding powders with two grig
sizes, 120grit and 240grit, were used to fabricate test samples GOAL 120 and GGAL 40, respectively. More than five
hours of grinding gurranteed the randomness and uniformily. A microscope was used W inspect the finished suefaces; the
ground glass surfaces look “jagged.”

The last method is etching, which may or may not resul§ in a Gaussian surface. The uncertainty arises because the eiching
process is influenced by the material’s microstructure. Therefors, eiching is not completely rendom. The test sample,
NGGAL, is commercial, acid-eiched, 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 flm has

a thickness of approximately 50nm, so that no Hight encrgy transmitied through the film. Thus, subsurface light scattering
can be seglected.

2.2, Characterization of rough surfaces

A surfiice 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{} height data with 1-Angsirom (14}
vertical and 0.1 m horizontal resolutions. For cach test surface, nine measurements were taken in randomiy chosen
regions and in random directions. Each height measurement consists of 4008 data points, which reprosents a 400em
traverse,

The height datr were analyzed sististically. For 4 random mugh surface, the vertics! and horizonta} helght distributions
can be respeatively deseribed by the height probability distribution function (PDF} and the spatial sutccorrelation function
{ACF). Though not normalized, the histogram of the height deta can be used as the PDF. The ACF o{8) is given by:

X };:’ Hzya(z + Sidx
w= } AU S0 A AN,
sy i f;f ey

where £ is the stylus troverse length. When both the PDF and the ACF confurm to & Gausskan {normal) distribution, the
surface s said to be Gaussian, The PDF and ACF are qualitative desoriptions; we need both (o evaluste s departure from
CGaussian behavior, Quantitative measures of the PDF and ACF are respectively provided by the root mean square {RMS}
roughness height o and the horizontal astecorrelation length ». Both are e-folding lengths associated with exponentials,
The RMS roughness ¢ can also be obtained from:

i jl
o= yf f 2=z @
A

The slope of o rough surince is here taken as the ratio of the RMS roughness to the autocorrelntion Jength, namely, o /7.
These guantities are used as inputs for the He-Torrance and many other BRDF maodels,

M
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2.3, Separation of roughness length seales

Care is required in interproting the foregoing statistical measures, as reab-world surfaces may have o wide range of
roughness length scales, Among them, only 2 limited range {of spatial bandwidths} are relevant for computer graphics
applications; in particular, only those dominating the directional scatiering of visible Hght,

Using computational studics of the light scattered from surfaces with multiple roughness length scales, Y. Yang and R, O.
Buckius® 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: s high-froguency small-scale component and 8 Jow-frequency large-scale component. For our
data, the high-frequency smali-scale component tured out to have the highest sfopes. We thus used a high-pass filter on
our measursd roughness data for cach surface to filter out the larpe-scale components. The lengths of the large-seale
components thay were filtered out were shout 28~40um, varying from surface 1o surface, The shortest Blter, 26um, is
about 50 times the incident wavelength, Our filter Jength scales are close o the filter length used by B Marx snd 1. ¥,
Vorburger (50pm}. % .

The foregoing is illustrated graphically In Figure §. The results of one messurement of 2{z} for the roughest ground-glass
surface, GOAL 120, was divided inlo two components by filtering. Since the high-frequency small-scale component is
expected o dominate the seattered 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 (o the
statistical results, we belicve thet the crror is acceptable for our applications.

For each test sample we did similor separations. We caleubated the RMS roughness o and the autocorrelation leagth r for
the nine surface-height taverses, for both the raw height data and the high-frequency smatl-scale component {full resulis
are avaiiable in & reponi®). We calcuisted the average and the standard deviation of o 10 assess spatial uniformity. Resulis
for o, 7 and the slope # /7 appear in Table 1. For convenience Iater, we append subscripts lo these symbols: » for e raw
height data (o, 75, {or /73, ), and mm (Tor measured) for the small-seale roughness data {0, 79, {07 ) ). We selected the
height measurements ncarest the center of the surface to obtain the PDF and ACF graphs that are displayed later.

Semall seale roughness
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Figure 1. Scparation of s mechanically-measured surface- Figure 2 Comparison of directly-mensared {OL73D)
reughness height scan into high-frequency {small-scale) and and BRDF-isteprated  {goniorcfleciometer)  directionale
fow-frequency (arge-scalc} components for the sluminized hemispherical reflectances for aluminized bead-biasted steel
ground glass surface GGALI20. surface BBOQALZ (smoothest steed, slope (o /7}m = 8.084),
G, = 10°,
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3. REFLECTANCE MEASUREMENTS

We measured BRIDFs with a gonioreflectomster and directional-hemispherical refloctances with an Optronics OL-750
diffuse reflectometer, To iflusirate measured resulls, we will use Figures 2 {on previous pagel, § and 6 {appearing later)
which correspond 1o the smoathest bead-blasted steel substrate BEBQAL2.

3.1, Measuring BRDF

The BRDF is the ratio of the radiance reflected from s surface in the direction {8, ¢,) to the irradiance onto the surface
feorn the divection {8, ¢},

oA - ?Lr(&} B4; By, '@r}_
jr(gﬁv ¢i?gf‘ ¢?‘) - i“‘ji(@;“d)i)

where & and ¢; are the zenith and azimuthal angles of the irradiance, and 8, and ¢, are the zenith and azimuthal angles of
the reflected radiance. {The coordinate systom s shown in Appendix Al For an isotropic surface, ondy three angles are
needed. The reflected mdiance 44, and irradiance dE; have units of Win%sr and W/m?, respectively.

An sutomated, three-axis BROF measurement instrument, called o gonioreflectometer, was built in the Optical
Measurement Laboratory et the Cornel Program of Computer Graphics. ™ The gonforeflectometer performs rapid
measurements of the BRIDF of flat, isotropic sample surfaces over the visible spectnam and over most of the incidens and
reflection herispheres. Special design was applied to enable BRDF measurements at grazing angles up to and slightly
ghove 85°. The spectroradiometric detector takes 31 sonvolved wavelengih samples covering the visible spectrum
{400nm-700nm) in one snapshot, For the measurements on our rough meallic surfaces, the BRDF values were obizined
by a relative method, which compared the refiected signal from our test surfaees with thut from a reference surface
{Spectralon} with a known BRDF.

The flexible sampling mechanism of the goniorefleciometer 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 poinis) in the plane of incidence
for various Hiumination angles 8. We also measured the BRDFs ot uniformly-distributed sompling positions over the
refiection 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 verticad axis is the BRDF; the left and right orthogonal axes map the
spherical coordinates above 3 surface. The plane of incidence goes through the peaks of the curves. The poinls are plotted
iz unifonn parameterization of the hemisphere such that cach grid element in the plot represents a region of the
hemisphere with the same solid angle.®®

32

3.2, Measuring direciionai-hemispherical reflectance

The dircestional-hemispherical reflectance py, Is the ratio of the radiant power 42, refiected 1o the hemisphere to the
rastiant power 4 5; incident onto 8 surface, both In Wi,

The OL-750 system dircctly measures gy, for fat surfaces at an incidence angle of 10° with 2 rated emvor of less than §%.
On the other band, the BRDFs measured by the gonforefleciometer at an incident direction of 10° were numerically
integrated over the reflection hemisphere to obtain pgs,. Figure 2 shows a comparison of the integrated and
directly-measured pgy for the smoothest steel surface BBOALZ, (Note: both instruments used Spectralon as their
common reference surface.) In Figure 2, over the entire visible spectrum, the divectional-hemispherical reflectance
obtained from the integrated BRDF measurernents is within 2% of the comparison values obtained by direct
measurement, The only exception is o short wavelengths, below 428nm. The comparison suggests that the BRDF
measurements are accurate in both magnitude and spectrum, with less than 2% integrated error.

For all the test surfaces, we measuresd the BRDFs in the plane of incidence and over the reflection hemisphere,®? Limited
by space, only representative results are shown later. With the OL-750 measurement data, we confirmed that the
integrated accuracy of the BRDF messurements is generally within 2%. For computer graphics applications, the
measurements provide sufficient sccuracy as well as ample angular and spectral coverage.
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Table 1. Measured and best-fit height statistics

Sample Description Rew height dala Small-scale roughness date Best fit resulis
P Te | 48/Th | Om T | 0/ Thm | Surface non- | lo/r)y | Unifomm
{pm) | (pem) (g} § () uniformity diffuse
=} term ay
BBOALY | Aluminized 258 § 272 1 Q485 1 092 56 8129 | 3.9% 0.119 8,70
Bead-biasted
Stesd
BBGQALZ | Aluminized | 1.24 | 30.5 | G041 | B34 | 651 0884 163% 0080 1 037
Bead-blasted
Siect
GOALIID | Alumimized | .66 | 416 1 0064 | 086 1 56 | 0054 T45% Gig6 | 044
Ground Glass,
120psi
GOAL24D | Aluminized 163 | 240 1 0468 | 861 | 47 G130 1 4.1% 2,158 0.44
Ground Glass,
240g:h
NGGAL | Aluminized 621§ L7 ) 0018 | G123} 54 0024 | 53% 8,023 .06

Acid-eiched
(ilnss

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

The relation between surface-height statistics and the angular distribution of light reflecied from a surfee leads to laverse
and divect scattering peoblems. The inverse problem is to fit a model {in this case, the He-Torrance modet) to the BRDF
measurements 1o obiain the surface-height statistics; the direct problem is to predict the BRDF of & surface from a
measured set of surface-height statistics by using a BRDF model (here, also the He-Torrance model).

We start with the inverse probless. For a metallic surface, the He-Torrance model® contains five parameters: wavelengih
A, RMS roughness o, autocorrelation length 7, index of refraction n{}), and a uniform-diffuse term a{ ) (which allows
for multiple surface scattering and/or subsurface scattering). Two of these parsmeters will either be independently
specified {A) or found from tables {n{A}}.%" For the roughness range of our metaliic surfices, the BRDF is determined
predominantly by the roughness slope parameter o/ 7. Thus, we need to find only the values of the slope {o/7) and the
uniform-diffuse {(a{A}) parameters to achisve 8 fit. When a best fil has been found, we append the subscript b to these
parameters: {o /1), ap (sue Table 1)

We used the nonlinear optimization function in Matiab which varies model prrameters to minimize the fitting crror
between model and measured data. We used an energy-weighted root mean square fiting emror:

i 1 3
Shning = V’"E,’ {{f,;mmjgf{@ﬁ ey}~ fr‘mgagm-edwﬁgﬂ ¢r}] * o8 5,} (4}

The functions [, {model and measured) depend on four independens variables (X §;; 6, ¢,.) which span the measurcment
space. For simplicity, we elected to fit only st the midpoint of the visible spectrum {4 = 550nm). The cosine torm in
Equation 4 gives smaller weights 1o BRDF values at large grazing angles of reflection, where the absolute BRDF values
can be several orders of magnitude larger than those in other parts of the reflection hemisphere, Otherwise, the
large-magnitude difforences in the BRDT values can bias 2 fitiing. 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 {0/7 ), found by mechanical
measurement in Section 2, 8s an nput o the BRDF model; aiso reguired 55 an input is the uniform-~diffuse pammeter
a{A}, for which we use the ssympiotic values found {at —2,.) in the incidence-plane BRDF messurements {those values
are within 10% of the g, reported in Table 1), Of course, there are intrinsic ervors in the statistics measurements and also

Proc. of SPIE 587808

SIONYX1403000019.0013

SAMSUNG EX. 1002 - 1628/4148



variations over the surface due to surface non-uniformitics. We altow for this and later provide upper and lower bounds
for dircctly-calculpted BROFs from the He-Tormance maodel,

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 1o lissitstions in buman vision,
sameras, and display dovioss, such &s polarization insensitivity and Himited dynamic range. As a resull, some effecs like
narrow retro-reflections and de-polarization can oflen be neglected; and the relative errors in BRODF prodictions at very
fow 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 festures should be
accurately predicted by a reflectance model.

5. EXPERIMENTAL RESULTS

Resuhs for the aluminized bead-blasted steed panels, the aluminized ground glass, und the sluminized acid-etched glass |
are given in the following sections. Sinee the reBlecting metal, sluminum, has an almost flat reflectance spectrum over the
visible region, we present resulis only for a single wavelength, A = 550am.

5.1. Bead-bliasted steel panels with sluminom conting

For the two bead-blasted steel surfaces, BBQALT (roughest) and BBQALZ (smoothest), the normalized height histograms
and the autpcorrelation 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 e histograms, the curves agres moderately well with the
date, suggesting that the high-frequency small-scale component of the roughaess is nearly Gaussian. For the
sutocorrelation fnctions ACE, the fited curves agree very well with the data. Considering the random characteristics of
the bead-blasting process, tese results are expected.

Reflectance messurements for the two bead-blasted steel surfaces, BBQALT and BBOQALZ, are prosented 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, Inthe
incidence-plane figures, the curves are results from the model. In Figures 4 and 3, the curves are the best-t curves
yielding best fit stopes {w /7 }s; in Figures 7 and &, the same measured data arc shown, but the curves ase calculated using
the measured slopes (o /7 }m For the small-scale roughness, The upper/lower bounds were found by respectively varying
the input slopes {0 f7)m by the -+ amounts corresponding to the measured percentage non-uniformity in the roughness
of the surface (see Table 1)

Results for the roughest and smoothest bead-blasted metal surfaces are shown, respectively, in Figures 4 and 5. The
roughness 1o wavelength ratios are of order one, so a wave optics model is appropriate. Note the good agreement between
megsurements and the model. A similar comparison over the reflection hemisphere is shown in Figure 6 for the smoother
surface.

For small angles of incidence (10° and 30°), the measurements shown in Figures 4 and 5 are Gaussisn-like curves with
maximg near or just beyond the speculer angle. For 80° incidence, off-specular maxima are apparent. Best-fit slope values
for Figures 4 and § are {o/7h = 0.119 and 0.088, respectively. On the other hand, the measured slope values for the
smaltl-scale roughness are {6 /7) = 0,129 and 0.084, respectively; the former is 8% high and the latter is 5% high, Hwe
comparc to measwred slope vadues from the raw height data, we have slope values of {#/v), = 0.085 and 8.041,
respectively, which are 12% and 49% 100 low a3 compared to the bestofit values. The raw dats values reflect the influence
of the gentler sfopes of the large-scale roughness components. The closer agreement of the best-fit {o /7)) and
mechanically-measured small-scale roughness (& /7),,, slopes illustrates the importance of doing s roughness length-scale
scparation when trying to use mechanical roughness measurements as input to 2 model.

We aiso present a sensitivity study for the bead-blastod steel surfaces in Figures 7 and . The same measured BRDF data
from Figures 4 and 5 arc shown, but the curves are ealeslated from the reflection model using slope values {o /7, that
bound the varfebility in the measwred small-seale roughness slopes {6 /7). In Figure 4, the model results fall below the
measurements, whereas in Figure 5, the upperfower model results tend 1o bracket the measuremernts,

The He-Torrance wave-optics model thus appears to work very well for the bead-blasted steel surfaces; this follows
because the height distributions and asutocorrelation functions are close io Goussian, Morgover, the separation of
roughness fength scales appears to be very useful,
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5.2. Ground glass with sluminum conling

For the two ground glass surfaces, GGAL 120 {roughest) and GGAL240 (smoothest), the histograms and the
autocorrelation functions (ACF) for the high fequency small-scale component of the roughness are shown in Figuse 9.
The fitted Gaussian curves agree moderately well suggesting that the high-frequency small-seale 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 raw beight dasa of surface GGAL 120 are shown in Figure 10, The associated
histogram is nearly Gaussian but slightly skewed (0 the right toward higher heights, consistent with a grinding process
that removes more peaks than valleys. On the other hand, the associsted sutocorrelation function is rather more
exponentially disiributed than Gaussian, This is consistent with the “japged” appearance observed under a microscope.
The statistical data imply that the ground glass surfaces contain a high-frequency, small-scale Jaussian roughness
component {statistics in Figure 9} superposed on a low-freguency large-seale “jagged” roughness component. The
small-scale, high-slope roughness is expected io dominate the light scatiering.

The iast statement is consistent with the fpllowing ohservation: For the two ground glass surfaces, the measured BRDF
distributions turn out 1o be surprisingly similar,® differing by only a few percent, The similarity suggests that the
small-scale, high-siope struciures of the two surfaces are quite similar. That is confirmed by the data Atting, since nearly
equal best-fit slopes are inferred. The large-scale roughness of the two surfaces, though guite different {ie., o7 = 2.08um
vs. §.63um, Table 1}, has Hitle influcnce on the angular distribution of the seatterad fight, On the other hand, the
small-scale roughness heights are loss different (o), = 0.808am vs. §.61 2w, Table 1) as are the measured smalf-scale
roughness slopes {0 /7 )m = 0.154 vs, 0,130, Tabde 1), The best-fit results for the slopes of the bwo surfaces from the
wave-optics BRDF model fi.e, {o/7) = 0,186 vs, 0,188, Table 1} differ by about 5%, and are reasonably close to those
for the small-scale roughness slopes. Inasmuch 85 the measured BRDF distributions for the two surfaces are virtually
identical, we display resulis only for one surface, the roughest sluminized ground glass surface, GGALI20.

incidence-plane BRDF measurements and data fitting results for the roughest ground glass surface are shown in
Figure 11. A similar conwparison over the reflection hemisphere is shown in Figure 12, A sonsitivity study using the
variation in the measwed small-scale rouphness slope {o/7 ), is shown in Figure 13,

The BRDFs in Figures 11 10 13 show Gaussian-like curves only for 10° incidence. An off-spooutar peak is apparent for
larger angles of incidence. The fittings of the He-Torrance model are gencrally good except that the mode! overestimates
the magnitude of the off-spreeular peaks at incidence angles of 60° and higher. The eevors sre most likely due o the
shadowing/masking term in the model. A better shadowing/masking facior could reduce those errors. The “jagged™
large-scale roughness only makes the cffects more apparent. The best-fit slope value is about 8% higher than the
measured value. For completencss, the effects of surface non-uniformity may be inforred from Figure 13, where it is clear
that the measured slopes {#/v},, yield BRDF predictions that fll somewhat above the best-fit predictions.

The He-Torrance model has a relatively good performance for the ground-glass surfaces, Although the fitting resulis are
noi a5 satisfactory as those for the bead-blasted surfaces, the model predicts the off-specular peaks with moderate
magnitude ervors.

5.3, Acid-etehed glass with slominum coating

The sluminized acid-ciched glass is much smoother than the other test surfaces (Table 1), On the other hand, the surface
is sufficiently rough so that ao visible mioor reBlection can be observed except at high graving angles of incidence. The
small-scale roughness is very close to Gaussian, 8s showsn in Figure 14, Therefore, good comparisons with the
He-Torrance model are expected.

Incidence-plane BRDF measurements and daia fitting are shown in Figure 13, Note the log ordinate; there is virtually no
diffusely scaticred light. Also, no off-specular peak is observed dae to the gentle slope of the surface-heights. The fittings
of the date to the He-Torrance modet are very good, except thal the model slightly underestimates the maximum
reflectance in the specular divection for lange angles of incidence (more than 60°). The slope value oblained from the data
fitting is {o/7}s = 0.023, cssentinlly the same as the measured value of {o /1) = 0.024 {for the small-scale roughness
compenent}. By doing a sensitivity study {not shown), and varying the mechanically-measured stope {6/7 )y, = 0.024)
by the observed surface non-uniformity {of -/+ 3.3%%), the corresponding upper and lower bounds essentially bracket the
measured data in Figore 15, The emergence of peaks is very seasitive to the slope values.
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The He-Torrance model works well for this acid-ciched glass surface. The positions and the laleral shapes of the
reflection Jobes are accurate. The underestimation of the maximum BRDF values is acceptable for our applications due o
the timited dynamic ranges of human vision and display devices. Owr surface characterization method is less necessary in
this case. Although the measured slope is close to the best-fit result, the improvement is not significant. The height
statistics suggest that this surface has only s single scale of roughness,

6. CONCLUSION

In this work, we experimentally study the relation between the surface-height statistics and the angulsr disiribution of
first-surface Hght scattering from several rough metal surfeces. The surface-heights were measured with s surface
profilometer; the BRDFs of the surfaces were measured with a gonforefiectometer.

An analytical moded based on the Kirchhed! approximation, the He-Torrance model,® was fit to the measured BRIFs of
the rough metal surfaces. The fittings show that the model is able o deseribe the Brat-surface scattering of rough metallic
surfaces that have multiple scales of roughness and near-Gaussian surfice-height distributions, with an accuracy
appropriate for computer graphics applicstions, The good agreement between the model and measurements implics that
oaly one scale of roughness dominates the fight scattering behavior.

The light scattering distributions gre primarily stiribmtable w the surface-roughness components with the steepest
stopes,® We propose s composite roughness model, and with a filter, we extract the steepest-slope components from the
surface profilometer messuremonts, Using the statistics of that component {i.e., the roughness slope {o /7)., ) s input to
the He-Torrance meodel, satisfactory agreement with the measured BRDFs was observed for our rough metal surfaces. The
approach provides computer graphics practitioncrs with o practical method 1o obtain the input roughness data for use with
a physical-optics-based light reflection model.
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Appendiz A: He-Torrance BRDF model

The He-Torranse BRDF model is based on the vector form of the
Kirchhoff approximation, applics for arbitrarily-polarized incident light,
and describes specular, directionally diffuse, and uniformly diffuse
seattering with three torms.? The angular distribution of scattered light
depends on wavelenpth, incident and reflection angles, two roughness
parameters, and the index of refraction. The coordinate system is shown
in Figure A1, where A s the area of the mean plane of the surface; & is
the unit vector in the wave direction; and 2and parethe s and p
polarization unit vectors. in computer graphics we are most interested in
the BRDF for unpolarized incident Hght. For that case, the BRDF
equations greatly simplify and are presented here.

Figure Al: Covrdinate system

Assusaptions of the model:
= Local madius of curvature of the surface is large compared 1 the iHuminating wavelength;
e The surface-height and amtocorrelation function are Gausstan distributed;
¢ A single roughness lengih scale;
= Plane, uniform, and isotropic suribces,

The BRDF will be denoted here by the symbol gpg. Equations for the BRDF:

#a = pug (M ow, 7 1AL alA)) = prdp + Prade F Podud {53
The specular reflection term:
= S5 A 3
Brdap = cns&,;dw; A; {6’)
P = (FP.e79.8 )
- i if in specular cone
A = { 0 otherwise &
‘. | - ; o
I = §(F;’+ F2y = {6, 8, 2{A}} {9
2 :
g = {—-?—’;-{ {condl; + cos {},}] {1
23142
6 = gp- 1+(fﬁ)} (1)
Ty E
T = 22 cexp | ~28.
\/Zznp = {Ki+ X,) pr( 29_’%) {32}
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where g, is the specular reflectivity, |72 is the Fresnel reflectivity for unpolarized light evaluated at the bisecting angle

given by cos™!

the RMS roughness, and 7 is the autocorrelation length,

The directional Jiffuse term:

Pod,dd

&

8§

S8

5(6;}

Alcot §}

He

where G is » goometrical factor, & is the shudowing/masking factor, !

directional-diftuse reflection torm.

The uniformly diffuse term:

Eilr - fs,;| / 2} , &4 is & delta function, 7 is the index of refraction, « is the apparent RMS roughness, 7o is

Y G.8.D
R Sl S i3
7 cosfcosd,’ (3

A H R . e .
(y””)-mwwm (G- k2 + - 57 [ k) + (5 B (14)

YV, i - ki

R
B8} - 5(0,} (15
( - ;‘;wf {me ;) (Aot )+ 1) (16)
( - % ”"w ;) JtAfeor8,) + 1) an
i 2 reot8Y* reoid
A B IR - epfi 18
‘2{7{*»’2 7ot wp[ ( 2on ) l aﬁ‘( 2oy )} a8
5P o g8 vl r?
ax X: mbom P (%
swses ¥
tan f; cerfe (—L eob Q,) . R o= wand, - orfe (-—L eob @,) {26
Qc‘f[) gﬂ’g
= (A, - ﬁ:g) = U F b Wl b UgE, U = yfvg + o} 21
{ﬁx?; Bi= 8 % ks {22)
{2t A
L PP @3)
g%r 2 sz! p?’ k. i
and £ is a distribution function for the
Prdpd = afX); {24)

where o is constant {i.e. Lambertian), varying only with wavclength,
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Optimization of Random Diffraction Gratings in
Thin-Film Solar Cells Using Genetic Algorithms

Albert Lin and Jamie D. Phillips
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Schematic of (a) thin-film solar cell structure with textured surfaces, and {b) plot of
guantum efficiency versus wavelength comparing planar solar cells to cells with periadic
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 celis 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 w 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 asbsorption profile is caiculated in the 4000ro-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 ativibuted to improved optical coupling
and Hght trapping across the broad band solar spectrum.
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Light trapping in thin-film silicon solar cells for superstrate and substrate configurations

Abstract #1614, 218th ECS Meeting, © 2010 The Electrochemical Society

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.

@ () =
I =700nm
Period.= 700.nm G

- Metal
Back Contect |

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 specira. The highest short circuit current for solar
cells in superstrate configuration is observed for a period
of 700 nm 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/om” short circuit
current for solar cell on a smooth substrate,
microcrystalline thin-film solar cells with 1 ytm absorber
thickness exhibit an increase of the short circuit current
by 4.5 mA/cm? in superstrate configuration, whereas cells
in substrate configuration exhibit an increase of 5
mA/cm’. The different device designs will be compared
in terms of the short circuit current and the quantum
efficiency.
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Discover
c y leads to Innovation

Making a breakthrough discovery only leads to continued innovation
when it changes the way you look at things. At Masimo, develaping
the world's first measure-threugh motion and low perfusion pulse
oximetry allowed us 10 approach the challenge of developing other
noninvasive physiqlogica: measurements with‘b}g being constrained

buﬂds on the go standard Maslmo SET pul se\oximetry technolagy
W togive cliniciansan unprev:edented level of real-time infarmation to
make more informed and timely clinical decisions.

Masimo Rainbow® SET Pulse CO-Oximetry

Masimo Rainbow SET is the first and only technology to noninvasively measure blood constituents and fiuid responsiveness that previously -
required invasive procedures.
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Masimo Rainbow SET Measurements:

. Hemoglobin (SpHb™)

. Oxygen Content (SpOC™)

. Carboxyhemoglobin (SpCO®)

« Methemoglobin (SpMet®)

. PVl®

- Plus: Masimo SET measurements of Oxygen Saturation (SpOz2), Pulse Rate (PR), Perfusion index (P1)

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

Extinet Coefficlent

Wavedength fem)

Oxygenated Hb and reduced Hb absorb different amounts of Red (RD) and Infrared (IR) Light
(Two-wavelength oximeters cannot measure total hemoglobin or dyshemoglobins)
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Ultrabroadband Mirror Using Low-Index
Cladded Subwavelength Grating

Caslos F. R. Mateus, Swdent Member, JEEE, Michael C. Y. Huang, Suudens Member, IEEE, Yunfel Deng,
Andrew R. Neureuther, Pellow, JEEE, and Connie §. Chang-Hasnain, Fellow, JEEE

Abstract-We report @ novel subwavelength grating that has a
very brosd reflection specinun and very high reflectivity. The de-
sign fs sealable for different wavelengths. ¥t facilitates monolithic
integration of optoelectronic devices sl 2 wide range of wavelengths
from visihle i far infrared.

Fadex Terms—Infraved inuagiog seasor, infraved surveillnnce,
mirror, opticsl communication, optical microelectro-menhanical
(MKW}, optical semsers, reconfigurshle srchiteciure, tunable
filters, tunnble oploclectronic devices.

I INTRODUCTION

ROADBAND mirvors (AA/A > 18%) with very high re-
 flectivity (R > 99%) are cssential for numerous applica-
tions, including telecommunications, surveillance, sensors, and
pmaging, ranging from 0.7-12-gma wavelength regimes. Metal
mirrors have larger reflection bandwidths but lower reflectiv-
ities {£), limited by absorption loss. As a result, they are not
suttable for fabricating transmission-type optical devices such
a5 staton filters, Diclectric mirrors have a low oss and, thus, can
achieve a higher reflectivity. Howeves, the deposition methods
are ofien not precise enough 1o lead to very high reflectivi-
ties. Furthermore, the typical material combinations often have
a rather small bandwidth, lmited 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 ks often limited by semiconductor-based distributed Bragg
reflectors {DBRs) 1o AASA = 3% to 9%. The challenge of de-
signing a mirror with broadband reflection, low loss and com-
patibility with optoclectronic processing has not been overcome
yet.

Subwavelength gratings have been used sither to create
structures with either sharp highly reflective peaks 2t resonance
wavelengths [3], {4} or broad antireflective bands {5]. The final
spectral characteristic of the grating can be further wilored by
the materials used and parameters chosen.

In this letier, we report a novel subwavelength grating that
has a very broad reflection specirum and very high reflectivity.
Two cxamples are shown for B > 99% with AAA > 30%
and R > 95% with A A = 50%. The design is scalable for

Manuscript received July 22, 200X revised October 4, 2003, This work was
supported in part by the Defesse Advanced Rescarch Projects Agency Center
for Bio-Opioslctronic Sensor Systems {BOSS) under Grant MDASTI0010020
and in pant by the CAPES Foundation sud Brazilisn Alr Corumand,

The nuthors are with the Department of Electrical Engineering snd Come
puier Sciences, University of California. Berkeloy, CA, 94720 USA {e-muil:
matens@ photonics.cecs. berkeley.edu),

Drigital Object Identificr 10.110WLPT.2003.828258
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ing veflector, The low index material
d misvor effect,

of the suby ®

Fg. b 8 &
jal for the broadt

under the gratng is

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

{1, SURWAVELENGTH 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 micror that consists of lines
of highflow index material surrounded by two low index layers.
The larger the difference between high and low indezes is, the
{arger the reflection band. The low index layer under the grating
is critical for the rairror effect. Design parameters for the struc-
ture include the materials involved {index of refraction), thick-
ness of the low index layer under the grating (£}, grating period
{4}, grating thickaess (£,), and i}l factor. Fill factor is defined
as the ratio of the width of the high index material to A,

Fig. 2 shows reflected power for lght polarized perpen-
dicular to the grating lines. The simulation was based on
rigorous coupled wave analysis (RUWA) {6} and confirmed
by finic-difference dme-domain electromagnetic propaga-
tion using TEMPEST {7]. The two methods sre in excellem
agresment, A very broadband miror &AFA > 30%, with
£ > 0.89, was obiained sround 1.55 g, over the range
£.33-1.80 pamm, as depicted by Fig. 2(a}. The mirror is also very
broad for B > 0.988 (140-1.87 gm or &2/2 > 17%).
The parameters used in the simulation wers: Si osub-
strate {(n = 348}, A = 0.7 um, n, = 3.48 (Poly-5i),
low index material in and above the grating = 1 (air),
ng = 1.47 (802}, {; = 0.46 um, and fill factor = $.75,
The index of refraction was considercd constant along the
covered range, which is a very good approximation, since most
semiconductor materials such as S, Gads, and ZnSe bave
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-
wavelengih but nol half-wavelength. Furthermore, the reflec-

1041~ 1 13570482000 © 2004 EEE
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MATEUS o of: ULTRABROADBAND MIRROR

48 12 14 18 18 28 22
Wavelength (o}

B )]

3 W 1 1 1B "

B oo emsisroy cuRIEOTEE RE 1,58

844 ¥ nnns snirvar contased ot 10um
03 {dimensions multipled by 8.5} S
16 12 14 16 48 20 22
Wavelangth {um}
b}

Fig. 2. Reflected power for light polarized perpendiculurly to the grating lnes.
{e} Thick line was obizined brsed on RCWA [6], while the deshed line was
obiaw::d Wﬂh TEMPEST {"} & ﬁs sumgzﬂm seafing fector (6.5) appixs&i to the

i ! ppad traces. The thick line is centered at
155 prm, Wﬁll& the dashed ime iz ng 30 pam.

tivity spectrum can be scaled with wavelength, as shown in
Fig. 2(b). By simply multiplying the 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-um 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 alse multiplied the horizoatal scale in order to make
the comparison easier. Although i may be obvious that any peri-
odic strecture should be wavelength scalable, the scaling here is
casily manufacturable, since it only requires changing the layer
dimensions. Physical origins of the broadband reflection phe-
nomenon are vader investigation.

The low index material layer under the grating is essential to
obiain the high broadband reflection. This is shown in Fig. 3,
which consists of contour plots of reflectivity as a function of
wavelength, £y, and nz. Keeping all the other parameters the
same, there is no reflection band for £z < 0.1 pm. Above this
thickness, the structune has low seasitivity to the low index layer,
but this parameter can be used to optimize the reflection band.
The mirvor also docs not exist ifng > 2.5, M SizNy (n = 2)
is used instead of SiCly, the result would be a much smaller
reflection band, ranging from 1.7-1.8 um,

ffl. PARAMETER AMALYSIS

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

59

Low indsx Thickness {{) {sm)

18
Wavelengih (pm)

Low index (i}
ok

TS 3
Wavelengih (um)

Fig. 3. Effest of the low indsx Iayer under the grating. (2} Reffectivity as
function of wavelength and £z . There is uo reflection band when ¢y, < 0.1 pm,
and above this velue, the structuge has fow sensitivity to this parmeter. ()
Reflectivity ns function of wavelength and r . The mirooy also does pot exist
Hng > 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 resulis for Poly-Silicon-air-8i0;,
bt GeAs-AlDs, GaM-air or ZoSe-CaFy would be compa-
sable. Thus, this grating is a potential candidate for several se-
tive and passive devices such as visible and infrared wavelenpth
VCSELs {8] and MEM tunable devices {17, [2]. In the following
discussion, we show design tolerance by varying one of the pa-
rameters, while keeping the others constant.

Fhe 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 1o A, and
for A = 0.7 germ, the band is the broadest, The period can be
controlled very accurstely by lithographic methods, and thus,
the reflection band can be precisely fabricated.

Grating thickness and fill factor determine the intensity of
moduiation, or grating strength. However, this strength cannot
increase indefinitely and there is an oplimum: point where the
grating effect is strongest with respect 10 reflectivity.

Fig. 5 shows the effect of £,. Fora very thin grating, the mirror
is sharp and the optimized bandwidih ocours for ¢, = 0.46 gm.
Above this value, the mirror gets sharp again. As this parameler
can be precisely controlled by epitaxis! growth or plasma depo-
sition technigues, the optimized design can be easily fabwicated.,
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Fig. 5. Reflectivity ss function of wavelength snd ¢,. The optimieed
bandwidth oocurs for ¢, = 0.43, end it gets shaeper when i is further
increased. This pacameter can be precisely controlied by epitasial growth or
plasma deposition technigues.

28

a3

Fill Factar

T 5 2 25
Wavelength (pm)
Fig. 6. Reflectivity as function of wavelength and i} factor. Whes filt factor

is increased, two reflection peaks merge io form one broad and fiat refloction
band.

Fig. 6 shows the effect of &I factor. There are two reflee-
tion peaks for a fill factor of 0.5, one at 1.1 um and the other &8

ISEE PHOTONICS TECHNOLOGY LETTERS, YOL. 16, NO. 2, FEBRUARY 2084

1.6 pm. As the il 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 aflect the flatness of
the band (if the fill factor gets smaller, the two peaks tend (o sep-
arate) o its coverage (if fill factor gets larger, mirror bandwidth
decreases).

n this design, where lines are used, reflection is polardzaton
dependent. This can be advantageous 1o control the polarization
ona VOSEL, e.g., if the grating design is used for the mirrors. If
3 two-dimensional grating is chosen lnsiead, reflectivity would
be polarization independent. The grating sensitivity o all these
parameters can be optimized iteratively. If the application has
a less surinpent requirement on reflectivity, i, < 95%, 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 presenied a subwavelength grating that under normal
incident Hght has very broad reflection spectram (R > 98%
and AAfA > 30%). The mirror can be casily scaled by simply
multiplying the dimensions by a constant,

This design has potentisl application on micro-electro-me-
chanical tunable devices, VCSELs and reconfigurable focal
plane amsys. It is insensitive to lateral position on cascaded
structures and can be easily fsbricated monolithically with
opioelectronic devices.
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TECHNICAL REPORTS

Advanced Technologies for High
Efficiency Photovoltaic Systems

Authors: Shigeru Matsuno*, Akihiko Iwata* and Hirofumi Fujioka*®

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 phofo-
voltaic systems are being rapidly introduced. Since
multicrystalline silicon photovoltaic modules have the
fowest 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 fo 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 Cells

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 fo several
pm in diameter and applying a special spraying method,
textures of comparatively large size, on the order of
several um, were formed on a full-size substrate
(150-mm square) with good reproducibility (Fig. 1b).

2

- o

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 sutface 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
area'). 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 5um 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 sificon substrate. The photo
clearly indicates that this method can form honeycomb
textures without using photo engraving. We have also

i
e

Fig. 2 Appearance of solar cells with an alkaline (left) and
plasma (right) texture
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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. 3 Scanning electron microscope image of hon-
eycomb texture structure formed on multicrys-
talline silicon substrate

Photovoliaic power conditioner

Gradationally
controfled
voltage type
inverter

-

/!

i

Output waveform of Qra&atbnaliy
controlled voltage type inverter

Oiﬁpu't waveform thréugﬁ the filter
clrcuit

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
aftain 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

ioner for residential photo-
voltaic system

TECHNICAL REPORTS

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 ym global shutter pixel
manufactured in 0.18 uym 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
iluminated 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.
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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 yV/e-. The storage
capacitors are 16 fF, which corresponds with a conversion gain of the storage nodes of 10 pyV/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.

Parameter Value
Pixel size 5.5 ym
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 99.996% (99.999% on frontside illuminated)
Parasitic light sensitivity | 1/25,000 (1/110,000 frontside illuminated)

Table 1: pixel parameters measured on the backside illuminated sensor

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
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Figure 2. device cross-section after thinning

The backside thinning is done on wafer level and based upon an SOl flow. It starts from CMOS wafers
processed on 5.0 ym 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 metal1 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 m
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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 (Al203). 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 resuits

FSI1 400nm etched BSI | 250nm etched BSI | BSI with sapphire
Detector thickness |5.5 um (epi) 4.6 um 4.75 um 5.0um
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 (22°2C)| 105 e-/s 406 e-/s 370 e-/s 1028 e-/s

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

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.

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
SOl 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 cominonly 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
intercsting 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 1o 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 mm?, 4 mm? and 1 mm?). The
diodes have been extensively characterized at wafer level, with breakdown voltage, dark current, shunt resistance,
threshold voltage and junction capacitance measurcments 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 antireflection 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 cutperform planar diodes, particularly at longer
wavelengths. Textured diodes have a wide range of applications including solar cells, infrared detectors, chemical
and biological sensors and ficld emission devices.!

Texturing has historically been obtained by creating pyramids using anisotropic ctchants, but this works
well on single cyrstalline silicon only.?  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 SFg/Oa reactive ion etch.® 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, fabricaied 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: F-mail: aoife.moloney @dit.ie, Telephone: +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 SFg/0; plasma. This
method resulted in the formation of grey silicon {see Figure 2), which does not absorb all the incoming light,
and black silicen (Figure 3) with irregular deformations with a height of & 2.5 um.

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 um in height. Slight modifications resulted in denser,
shorter spikes (= 15 um) (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 (uscd 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 um.
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Figure 4. Black silicon with height ~ 45 um.

Figure 5. Black silicon with height & 15 pm.
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Figure 7. Boards for back illumination of black silicon diodes.
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Breakdown |  Dark Shunt Threshold .
Diode voltage current | resistance voltage Cap?;:f)aﬂce
v (PA) (MR) (v)
. 641.0 @ 28.0@
Standard 69 -30V 318 0.8 30V
. 1026.0 @ 274 @
Black 70 30V 116 0.6 ‘30v

Table 1. Measured characteristics of 5 mm standard and black silicon diodes.

Breakdown Dark Shunt Threshold .
Diode | voltage current | resistance | voltage Cap?;;s)ance
vy (PA) (M) (v)
] 2323 @ 52@
Standard 66 30V 895 0.8 _30V
_ 305.0 @ 52 @
Black 70 _30V 535 0.6 _30V

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

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 dicdes 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 al! 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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Breakdown Dark Shunt Threshold ;
Diode voltage current | resistance voltage Capa(;;uFt)ance
V) (pA) (MQ) V)
) -121.7 @ 1.6 @
Standard 68 .30V 1749 0.8 30V
} -126.8 @ 16@
Black 70 -30V 1493 0.5 .30V

Table 3. Measured characteristics of 1 mm standard and black silicon diodes.

= Standard diode "
e Black silicon diode =
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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 accuratcly 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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This study is devoted to the forn
solar cells for photovoltaic applicat
ion condiiion. The chemical mixture containing hydroflusric and nitric acid, with de-ionized water,
used to make porous on the half of the silicon surface of size 125 x 125 cm. Porous and non-porous
each share half of the whole silicon surface. HsPO,methaunsk gives the best deposited layer with

I respectively. A simple prog

on of high~low-level-doped selective em
ion. We report here the formation of porous s

for crystalline silicon
on under chemical

on the non-porous and porous areas of the silicon surface to get
The volume concentration of HzP0O, does not exceed 10% of the total

sured emitter sheet resistances at the high- and low-level-doped regions were 30--35 and

cess 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 BV, All rights reserved.

1. Introdeoction

Porous silicon {PS) has stimulated great interest in the
photovoltaic comraunity 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 aiso
desirable, which becomes even more important for thinner
wafers. PS can be forrned by chemical or electrochernical etching.
Chemical etching is more adapted to industrial fabrication due to
ite 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
silicen wafer, Carrier recombination and majority carrier density
incre
rinority carrier lifetime and diffosion length, High-level doping
increases the built-in potential, which in turn increases the higher
open-circuit voeltage {V,.) and decreases the ohmic contact
resistance [1-4}. 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

L +82 512907158,

0627-0248/8 - see front matter &
deir 1030161 s0lmat. 2008.09.042

008 Eisevier B.V. All rights reserved.

sed for high-level doping but there was a reduction of

important role in semiconductor devices, such as p™-n-n* epitaxial

styiping, etching and thick oxidation, lead to a complicated p
in the formation of high-low-level junction solar cells. PS
formation and H, PO, doping were performed at ambient pressure
and o teruperature, During the doping process, low-level doped
regions formed in the place of the PS layer and high-level doped
regions formed in the porows-free regions adjacent to each other
(Fig. 1), PS can be comfortably used as a blocking layer for the i
fine process because it is cost-effective compared to Si0,, SiN, and
metal mask. Our experimental methoed 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 PS5 and its action as a blocking layer to
on

-
i

control the doping density, thickness and wafer colour variati
with respect to reaction time were discussed and analyzed. The
discassion about high-low-level doping for selective emitter silicon
solar cells wiil help the industrialist in the process of design and
implementation.

2. Experimental

The substrates used are Czochralski (Cz) (100)-oriented,
boron-doped p-type silicon wafers having a resistivity of 2-2.50
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dipping at the ambient temperature. After the deposition, samples
undergo drying at 350°C for 4min in a conveyor furnace, The
diffusion of phosphorus atoms was carried out in an RTP system at
different temperatares and time, Befi istivity measurements,
the residual phosphoras silicate glass G} was removed in H
after dipping in HNO5. We determined the selective emitter sheet
resistance using the four point probe carrent-voltage systen,

3. Results and discussion

The cheniical dissolution of the silicon surface in the mixture
of HF-HNQ,-Di-based solation forms a porous layer on crystaliine
silicon, commaonly 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 irwo 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 HNQG: solution and hence
silicon dissolution is limited by the presence of flusrine ions,
which results in a smeothening of the surface, The use of an HF-
rich solution results in a process that is Hmited by the availability
of holes and gives rise to stain etching, Thus, the PS material
resuiting from an HF-HNOs3-based etch was calied stain-etched
PS. The porous etching was carried out on the silicon wafer at

N S

]

(-

S

flerent etching times (20, 40, 80 and 1605s), which resulted in
fferent colours, namely brown, blue, white-blue and vellow, of
PS in accordance with time. PS layer thickness increases with
tching time, which is established by ellipsometry as shown in
Fig, 2. The FS thickness increased rapidly and stabilized at 151 nm
at 160 s of etching time, owing to the etching of the silicon surface
in dipping “Seclution A", Table 1 shows PS thickness and colours as
a function of etching time with “Solution A”. As eiching time
increases, the porous colour changes and regains the initial colour
cyclically.
g. 3(a) shows the simplified schematic model of PS on silicon
substrate, Here we sprayed 10% H3PO,4 solution in order to dope
phosphorous on the porous and pon-porogs regions of silicon
wafer. Phosphoric acid easily undergoes a process called con-
Low leval doping densation. The phosphorus diffasion with pbosphoric acid can be

& h 3 described by a dehydration scheme and a diffusion reaction as

i
i

(e«

[x]

foliows:
X ' ' 2H3 PO, — P20 + 3H0
: T T T T T ¥ ] T
e | e 160 .
T High levet doping ,_ﬂ,,,._‘-—»«--"*"*“"'ﬂ
- L
Fig. 1. Schemaric diagram of high~jow-level doping process seqguer /
120 | & -
cm, 3 thickness of about 220um and size 125 x 125 cm. Cleaning =
and polishing were done by immersing the silicon suhstrate in 1% g 80 r ﬁi 7
NaOH for 2 min at room temperature and in 8% NaCGH for 10 min, e | |
respectively, A standard HF (50%):HNO; (81%):H,0 was used in i
the ratic 7:3:8 {vol%) {Solution “A™) to make a porous structure A oap b .
with different porous celours, and this depends on etching time.
The process sequence of making high-low-level doping is shown
in Fig. 1 ok B8 .
deposit at an ambient temperature of the emulsion
H i i 1 ] . i

HyPO4H0 does not adhere to the surface of the wafer, The
zed solution is presented in the form of large droplets on
the plates, Hence the emulsion HiPO4 H,0 was eliminated. The

4] 40 R0 120 160
Fiching time (sec)

;

doping solution was prepared with a determined concentration of Fig. 2. P5 layer thicknesses formed at different etching times measured by
emulsion H3POs methanol. The deposition was carried out by ellipsometry.
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Tabie 1

The PS layer thickness, color and emitter sheet resistance afier silicon wafer etched at different time in BF:HNC=:H20 soluticn

Sotutiog A layer thickness

Hre¥es

PSiaver

Bare {gray)

S

2
‘{q

N

Fig. 3. Simplified schematic model of forming and removing the PS {ayver.

2P0 + 581 — 5810, + 4P (diffusion process)

The phosphoric acid exists in the liquid phase before P.Os is
formed. The P,05 reacts with silicon to form elemental phos
phorus and silicon dioxide, which is the well-known diffusion
mechanism for phosphorus diffusion from a POC), liquid source in
a tube furnace. Higher P,0s concentration forms a thicker
phosphoric acid layer on the surface of the silicon wafer, Here,
phosphorous diffused into the material, leaving a phosphorous-
rich Si0; 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. 3¢{b) shows PSG formation on PS after
emitter doping, One maijor difficulty with the dopant spray is the
removal of the dopant residual layer on the wafer surface after
diffusion. The thick residual PSG layer cannot be easily removed in
HF dipping ewing to the presence of heavy phosphorus. Therefore,

N
Browes:
153 Biug:
14 Wit Blug
1 Yelbow
cledax32\genesis\genmaps.spe §3-Apr-2006 10:57:08
) Secs: 31
14 - i
4.1
E 09 - 0568
P Ont S 2434 .48
5 08 -
3
O
0.3 4
©
0.0 S i ? 2 7
0.00 100 200 300 400 500 600 7.00 8.00

Energy (keV)

Fig. 4. Energy dispersive X-ray (EDX) graph of the PS layer.

one has to oxidise the surface in HNO; solution and a further HF
dip is needed to obtain a clean and hydrophobic surface
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-perous regions in HNO; 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
SG along with the PS layer was completely rernoved 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 photovoitaic industries trend toward fully automated
high-throughput production lines and toward larger and thinner
wafers. Due to these requirernents, questions are raised about the
iimits of the traditional emitter formation process, which takes
place in a batch-oriented quartz tube diffusion fornace and uses
the liquid compound POCH as the source of phospharas. Batch
srocessing reguirves 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 erpitter formation process
{4]. The emitter doping of HyBO, solution is advantageous over
POCI; doping in terras of being cost-effective (0.5 L PGCl; solution
is 5000 times the price of 10L H3P0O,) and easy to dope,

The dependence of sheet resistance on annealing tirmne at
constant temperature 850°C is shown in Fig. 5(3). The sheet
resistance increases as the annealing time decreases in spite of the
higher thermal budget. The results can be attributed to lightly

SIONYX1403000019.0060

SAMSUNG EX. 1002 - 1675/4148



L Moon et al. / Soler Fnergy Materials
a
128 ¥ 7 ¥ Y
1y “
B0 g s
=
o
g an
WG
E: e *
B S -
ot
L ¢ -
: y"m,‘\ §
&
Eoge b \"\\ g
e ]
S8 B ~
3 k3 & 2 3
] if i% ¥
Annealing twme {min}
b
£ A k] ¥ £
§40 b e
§dl B o}
f:,.._“i 136 b P
ii.? =
ol
SR E:
&
é 80 & .
% suk o
& L
4 o =
2{; . )l & £, F 3 2 3 k) )
B8 ity RIS B30 G35

Anmealing semperature {T)

¢ time ar & constant
porous-free silicon
6 Lemperatare

1ﬁ"~1 sion
wafer. ()
for diffe

perature ofaﬁh g 0% HaP
ter sheet resistance as a f
concentrations of HyPQ,.

in 5min

Tent
doped/diffused phosphores at low annealing time, The sheet
resistance is sensitive to the annealing time and changes from 112
to 57 Q)T 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 HiPOy4
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 sclution in the diffusion
process, we can control the emitter parameters, For 3% HiPOy
solution at 825°C diffusion terpperature, the emitter sheet
resistance was 1568/, The sheet resistance of the emitter
increases as the concentration of H;P0, decreases, while the sheet
resistance decreases with the increase in H;PQ,4 concentration.
The higher sheet "Psistance 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 (/17 was obtained in 10%
HyPO, at 825°C diffusion temperature because of the increased
penetration of phosphorus into the silicon wafer,

The evolution of the erpitter sheet resistance with etching tin
can be seen in Fig, 6 (for the porous layer on the single-crystallis

me

& Solar Cells 93 {2009} 846850 849
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Fig. € Emitter sheet resistance a tion of etching time ar ambient conditien

5 a func
for 10% HaPG,methanol dopant scurce for porw.:-free siticon surface.
silicon). P5 layer thickness increases with etching time, which is
shed by ellipsometry (Fig. 2). The sheet resistances of
QT were obtained by changing the etching time. P in-
diffusion from a bigh-concentration source can be explained as a
f‘ual 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 97 /0, From Fig 6, it was
observed that the emitter resistance very siowly increases from 87
to 1206/ during etching time 20-80s and standard deviation
decreases from 22 to 3 €/ 0. 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 Tabie 1, it
is observed that as the etching reaction time increases, sheet
resistance also increases from 97 to 1200/ but standard
deviation decreases from 22 to 30/ 0. These results show that
there is uniform for the samnple etched at 80 s and bence 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
semicenductor. Then the matrix reacts, creating dislocations to
accommodate those defects. Einai!y the etch process continues
through those areas that are chemically more active, leading to
the segregation of the individual 51 ¢n cia:s that compose PS, The

PS layers with different thickn have been found using
ailipsometry. New low-cost dopant ewmulsion for n'p-selective
emitter formation on the porous and non-porous regions of ¢-5i

wafer was studied. Phosphorus acid mixed with methano! proved
to he a cost-effective phosphorus-doping source for the PV

industry, The sheet resistance of the emitter was found to be
sensitive to annealing tirme and diffusion temperatuare,
diffused

The dip
a proper firing condition, and the

55 optimization can enhance the performance of cells with
the dip diffused emitter, The results mduait‘ tun the spray
diffusion process with diluted pho a viable
aiternative for the POCl; diffusion process br.uaus; of its simplicity
and cost effectiveness, High-low-level doping has been achieved
by spraying the dopant on the porous and non-porous region.

emitter requires
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(54) CRYSTALLINE THIN FILM SEMICONDUCTOR DEVICE AND SOLAR CELL FLEMENT
(5T Abstract: £
PROBLEM TO BE SCLVED: To obiain a large—area
crystalline thin film semiconductor davice that can achieve
photoelectric conversion efficiency of >10%, and to obtain a
solar celi elemant.

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 0da and 05a ars successively formed
on the elecirode laver 20 in this order and annealed with a
laser beam 06, The first silicon layer 04da is annealed with
the laser beam 06 after the layer 04a is formed to have a
smaller absorption coefficiant 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 JPHOS2ETESE (A}

PURPOBE To industrially form a silicon oxide semiconductor film having & low Hght
abzorption coefficient and high photoconduchivity by resolving a gaseous raw material
which contains at least SiH4, CO2, and H2 in a slale whera CO2/8H4+CO2) bacomes
g specific valus. CONSTITUTION: In the method which is used for forming an Si0
samiconductor film composead of 3-5102 containing a microarystaliine layer of &, the
S0 semiconductor film is formed by resolving a gaseous raw material which confains
at least SiH4, CQ2, and H2 in a state where COZ/AGIH4+0Q2) bacomes <=0.8, At the
tme of decomposing the mixed gas, it s effeclive {o generate glow discharge in the gas
at a high-frequency power density of >=40mW/em<«<2» The formed S0 semiconducior
film has a absorption cosfficient <=10<8>cm<-1> against light having a wavelength of
>=340nm and photoconductivity of »=10<-8>5/om ; in addition, i is effeclive, to use a
p-type a-Si0 layer 3 or n-lype a-8i layer § oblained by mixing a doping gas with the
gaseous raw material as the window laver of a solar battery,
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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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