TI ME RESOLVED PHOTOLUM NESCENCE | MAG NG SYSTEMS AND METHODS FOR
PHOTOVOLTAI C CELL | NSPECTI ON CROSS- REFERENCE TO RELATED PATENT APPLI CATI ON
[ 0001] Thiwozapp/i2e#di on cl ai ms the benefit of the Provi siPGmAIS204peBa384at i on
No. 61/318,738, filed on March 29, 2010, the disclosure of which is hereby
I ncorporated herein in its entirety by reference. BACKGROUND 1. Field

[ 0002] The subject invention relates to tine resol ved phot ol um nescence
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METHODS FOR PHOTOVOLTAIC CELL INSPECTION

CROSS-REFERENCE TO RELATED PATENT APPLICATION
[0001]  This application claims the benefit of the Provisional Application No.
61/318,738, filed on March 29, 2010, the disclosure of which is hereby incorporated

herein in its entirety by reference.

BACKGROUND
1. Field
[0002] The subject invention relates to time resolved photoluminescence imaging

systems and methods for photovoltaic cell inspection.

2. Related Art

[0003] Photoluminescence is the re-emission of light after absorbing light of a higher
energy (shorter wavelength). Visible light from a solar lamp, laser, or LED excites
electrons in photovoltaic wafer materials such as silicon. Most of the photo-generated
electrons give up their energy as heat, but a small fraction of the electrons recombine
with holes in the silicon, emitting a photon (radiative recombination). More defects in
the silicon result in more energy lost as heat and fewer emitted photons, while fewer

defects in the silicon result in more radiative recombination and more emitted photons.

[0004] Photoluminescence has not been used frequently as an imaging technique of
photovoltaic cells because existing imaging detectors, such as a complementary metal
oxide semiconductor (CMOS) or charge-coupled device (CCD), have several
disadvantages. For example, the existing imagers can collect only a tiny fraction of the

entire range of the luminescence signal. These existing photoluminescence detectors



[ 0003] Phot ol um nescence is the re-em ssion of |ight after absorbing |ight
of a higher energy (shorter wavelength). Visible light froma solar |anp,

| aser, orwDBEDiengisves el ectrons in photovol tai c waf er mrCeniSadz/03eseh as
silicon. Most of the photo-generated el ectrons give up their energy as
heat, but a small fraction of the electrons reconbine with holes in the
silicon, emtting a photon (radiative reconbination). Mre defects in the
silicon result in. nore ener | ost .as heat, and f r itted .photopns, while
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nore emtted %hotons. [ 0004] Phot ol um nescence has not been used frequently
as an i netdicaigthe averk phefelugtingssencs\erw sPRinedron thyewafgs elf dha light pyensifigs ng
detectors, such as a conplenentary nmetal oxi de sem conductor (CMOS) or
char ge- coopligd thhawiage d0GGOY havraw/keigh essehion dicsady thetlagfemitenky lighktdemlse, t he
exi sting imagers can collect only a tiny fraction of the entire range of
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continuously illumnate the wafer material with light, use a filter to

bl ock t ht%trellh%&hﬁe li %t@f?éiﬂgfeqthis_t REv AR RIRL Oh UBRERGATE Ralll 0/ SeHIHY from

t he wafer. the Tight intensity is too high, the i mage does not have a

hi gh resglution because.the high intensity. |ight,tends.tq.hlur the details.
The. ont y e Rg EEFRLE RhIER" PE8aP b ASR sl thhaRBins roila e F o
reduce the Light .intensity. Thi homeve%, re%E%$§§ an exposure of at | east
a few setBiit0 HhlnemFasugRantAndpesoRes peitleh SROESH| ect the i mage.
This techni que however is not suited to in-line neasurenents and becones a
bottl eneck in the process. [0005]1nGaAs focal plane arrays can al so coll ect
phot ol uni0998¢ endeGatvninssl plang artays chn glko peliesepiatelymingseerice émageasy Yutihgyh
illumnation levels to achieve even a mninmal signal. The high light |evels
tend t o abhoseflovheqhireevedghmhliBymanaton kyls teachiowavemg neystamghal t he
cell under test. The detector itself also requires significant cooling to

keep t heTh&high ﬁ%ht a1k et i @ALh buitaRd ANEINMAG], Bh D qhife a BusIhs8ike for
| um nescence. [0006] Exi sting steady-state photol um nescence si gnal

techni qu fi i % tRECAL : : L al, i i to convert
t he sign§%C?%Eg&gﬁégf?giggggyfm%et|ngsm%§§§&%gq%hg&E%%%g?%%?ﬁggcence
intensity,is opartional to t dopant intensity, .the dgpant density nust
e ¢ akentPHeBlSER S adm b RS L O AR e YmibiEetEreq + rom
resistivity and thickness). Calibration of intensity to lifetine is

determn surin he |lifetinme of "gol.den" fers using u-PCD or
equi val eﬁ’fb‘l?ic ﬁ%@g ,Sgeeéqfnﬁaﬁ RSt WRINSRSIES HiRT SesHRIGRY s, t y of the
"gol den" wafers, creating a calibration curve, verifying the calibration
curve acéisedventageniis be¢duse Higy terriiigealieratipritoptonyera thei sigial nte a offesdiveware. In
addi ti on, photol um nescence intensity is dependent on the absorption of
exci t at i bfetimghtBewdise theghntdemafcbente thtdngitg iv prapetioedl lte dici dopayt iatedsity,
r oughness.

the dopant density must be taken into account during the calibration (e.g., measured from

resistivity and thickness). Calibration of intensity to lifetime is determined by measuring
the lifetime of “golden” wafers using u-PCD or equivalent techniques, capturing the
photolumincent intensity of the “golden” wafers, creating a calibration curve, verifying
the calibration curve accuracy and refining the curve and programming it into software.
In addition, photoluminescence intensity is dependent on the absorption of excitation ight

which can be affected by surface reflectivity and roughness.



SUMMARY [ 0007] The followi ng sunmary of the invention is included in order
to provide a basic understandi ng of sone aspects and features of the

i nventi orwOPRhig12846dary i s not an extensive overvi ew of PCha/Sem@®8G3poHNn and
as such it is not intended to particularly identify key or critical

el ements of the invention or to delineate the scope of the invention. Its
sol e purpose is to present sone concepts of the invention in a sinplified
form as gﬂﬁﬁﬁl to the nore detailed description that is presented bel ow.
[ 0008] Ac o0 an aspect of the invention, a systemis provided that

i ncl udes_an_i magi ng i nspection nodule to generate a tinme-resolved

phot ol url0094¢ enddcitpiigyeing pummary olcthp inygnison isandudedgn grder itq progidesr ocessi ng
nodul es to process the silicon wafer into a photovoltaic cell. [0009] The
i magi ng basspecicistamdmychilsemaypdctscind deatarcpof Sednvangbn. $hissgenandisaot aner a.
The i magi ng i nspection nodule may further include a wafer sensor and a

contr ol | &f exténse@BMRIHGALF the iiddnkioh Bed LSRRG ik hehihtchoed ©epadtivhldriie caner a.
[ 0010] The plurality of processing nodul es nay be selected fromthe group

consi sti pan@f; RY SR crifiéal ERFAR of WRE in®lftion RAS L MRLR: &dfe HRGe SCreen print,
firing and conbi nations thereof

invention. Its sole purpose is to present some concepts of the invention in a simplified

form as a prelude to the more detailed description that is presented below.

[0008] According to an aspect of the invention, a system is provided that includes an
imaging inspection module to generate a time-resolved photoluminescence image of a
silicon wafer; and a plurality of processing modules to process the silicon wafer into a

photovoltaic cell.

[0009] The imaging inspection module may include a pulsed light source and a
camera. The imaging inspection module may further include a wafer sensor and a

controller in communication with the pulsed light source and the camera.

[0010] The plurality of processing modules may be selected from the group
consisting of etch, diffusion, wet etch, passivation and ARC, screen print, firing and

combinations thereof.

[0011] The imaging inspection module may be a first imaging inspection module, and
the system may further include a second imaging inspection module between two of the

plurality of processing modules.



[ 0011] The i maging inspection nodule may be a first imaging inspection
nodul e, and the systemmay further include a second inmaging inspection
nodul e bewoaeen/pasoof the plurality of processing nodul @§T/USRD1/030394
2011/ 123469PCT/ US2011/ 030394 [ 0012] According to anot her aspect of the

i nvention, an inspection nodule is provided that includes a pulsed |ight
source to cause photol um nescence in a wafer; a canera conprising an

el ectron ar ded tive pi.xel sensor to capture photol uni nescence
exposur IBIEL ™t Ao Vo BT el bl oY Hefenar el Re r esol ved
phot ol um nescence decay curve fromthe photol um nescence exposure data.

[ 0013] Throvise drat instded d pprbsedriightapyise it eause ehefoluarigscancsdy p Walks: &
controller in conmmunication with the pulsed |ight source and the canera.
The canecanarayomprigopin gectech bambbedatactive pixebsmemte captued engt hs of at | east
about 950nmto at |east about 1250nm The canmera may include a | nGaAsP

focal ar playelubitbddnte eopdduitdatDfrémfthis WaRE; adpaempatertd geicimentin@n, a net hod
is provided that includes pulsing light at a wafer to cause

phot ol UMBESELPikioluffiisti B Q.eéa!'ﬁ/' Gy PRGh AL RS T HERSEnB 9)3%7?&1% fata at a

first time; capturing second photol um nescence exposure a at a second
time, the second tinme being after the first time; capturing third

Phe. seooti o) ro- SRR moate pik ofor bt Ll oLl 4t GpoolT i 10 ot fer

hot ol um nescence exposure data to generate a photol um nescence decay curve
gf t he weggpunication th ‘?he pulsegthght soufce andathe cam ra.QIthe camera may be y

configured to detect luminescence wavelengths of at least about 950nm to at least about

1250nm. The camera may include a InGaAsP focal array.

[0014]  According to a further aspect of the invention, a method is provided that
includes pulsing light at a wafer to cause photoluminescence; capturing first
photoluminescence exposure data at a first time; capturing second photoluminescence
exposure data at a second time, the second time being after the first time; capturing third
photoluminescence exposure data at a third time, the third time being after the second
time; and combining the first, second and third photoluminescence exposure data to

generate a photoluminescence decay curve of the wafer.

[0015] The method may also include capturing fourth photoluminescence exposure
data at a fourth time, the fourth time being after the third time, and the combining may
include combining the first, second, third and fourth photoluminescence exposure data to

generate a photoluminescence decay curve of the wafer.

[0016] The method may also include capturing fifth photoluminescence exposure

data at a fifth time, the fifth time being after the fourth time, and combining may include



[ 0015] The met hod may al so include capturing fourth photol um nescence
exposure data at a fourth time, the fourth tinme being after the third tine,
and t he csoizonimngeray i ncl ude conbining the first, secomdT/uskémassnd fourth
phot ol um nescence exposure data to generate a photol um nescence decay curve
of the wafer. [0016] The nethod may al so i nclude capturing fifth

phot ol um nescence exposure data at a fifth time, the fifth tine being after

the fourth t.ine, apd conbinjin i ncl.ude . conbi ning the first, second,
third T irbE e R SR or B e e At See oSt Gl pe b Rn f o o
phot ol um nescence decay curve of the wafer. [0017]Pulsing the |ight

conpri sesensiAtep photohanipgsgprccalesdy ave ofe Wafd- t he net hod may al so i ncl ude
pul sing the light a second tine at the wafer to cause phot ol um nescence.

[ 0018] The nmet hod may al so include capturing fourth photol um nescence
exposur e[0P4i7h atPuisieg thie dight canmeiscepysing ithreglighit £ tfinst ginat, ehdithemestbedhmey exposur e
data at the second tine; capturing sixth photol um nescence exposure data at
t he t hi ralsé intkide pashigtha g ghithesctordstimpbothe Wafidrne saso pRokpoiatycendat a and
fourth photol um nescence exposure data at the first tine to generate a
first photol um nescence inmage at the first tinme; conbining the second

phot ol unjopassencmeexRRSHmay dRb R dapiutifg PORHOPHHIINARREASE: SRR € dat a
at the second tine to generate a second p%otol um nescence i nmage; conbining

the Ui { SypROhOLITLARSERAGE, PHRPPHISARhAAN] okl BROLAhU L ARTGRNC®

exposure data at the t _ 0 generate a ft otol Um nescente
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photoluminescence exposure data and fourth photoluminescence exposure data at the first
time to generate a first photoluminescence image at the first time; combining the second
photoluminescence exposure data and fifth photoluminescence exposure data at the
second time to generate a second photoluminescence image; combining the third
photoluminescence exposure data and sixth photoluminescence exposure data at the third
time to generate a third photoluminescence image; and combining the first, second and
third photoluminescence images of the wafer to generate the photoluminescence decay

curve of the wafer.
[0019] The method may also include sensing the wafer prior to pulsing the light.

[0020] The method may also include determining the carrier lifetime of the wafer

based on the photoluminescence decay curve.

[0021] The wafer may be a photovoltaic cell. The wafer may include silicon.



[ 0019] The nmet hod may al so include sensing the wafer prior to pulsing the

| ight. [0020] The nethod nay al so include determning the carrier lifetine
of the waverobaasIon t he phot ol um nescence decay curvePCIAB24/DbBInaf er
may be a photovoltaic cell. The wafer may include silicon. BRIEF

DESCRI PTI ON OF THE DRAW NGS [ 0022] The acconpanyi ng draw ngs, which are
incorporated in and constitute a part of this specification, exenplify the

enbodi e f t . i 0 together with the description,
serve toﬂgiﬁﬁé?l%ﬁgﬁg&ffﬁ&# i@bﬁ%ﬁﬁ%@% of the invention. The draw ngs
are intended to illustrate major features of the exenplary enbodinents in a
di agr ammt022] nariferccorprany g tiscarmehipreiipgospriaigd ib anfbgsingtituta &past f eat ur e
of actual enbodi nents nor relative dinmensions of the depicted el enents, and
are not dfthwspeofisaminecxehGdiZBihei eguhodiniernitsofaths presemtinend pagnd togsthea
photovoltaic cell; [0024] Figure 2A is a graph showing a | aser pulse and a
phot ol univite sleedeserigt@ayerve to explain and illustrate principles of the invention. The

drawings are intended to illustrate major features of the exemplary embodiments in a

diagrammatic manner. The drawings are not intended to depict every feature of actual

embodiments nor relative dimensions of the depicted elements, and are not drawn to

scale.
[0023] Figure 1 is a schematic diagram of a photovoltaic cell;

[0024] Figure 2A is a graph showing a laser pulse and a photoluminescence decay

curve for an exemplary photovoltaic cell;

[0025] Figure 2B is a graph showing a normalized view of the photoluminescence

day of Figure 2A;

[0026] Figure 2C is a graph showing an intensity plot of an exposure sequence

collected according to one embodiment of the invention;

[0027]  Figure 3 is a block diagram of a photovoltaic cell inspection device in

accordance with one embodiment of the invention;

[0028] Figure 4 is a schematic diagram of the photovoltaic cell inspection device of

Figure 3 in accordance with one embodiment of the invention;



curve for an exenplary photovoltaic cell; [0025]Figure 2B is a graph
showi ng a nornmalized view of the photol um nescence day of Figure 2A,

[ 0026] Fi geipeoRnA2849a graph showi ng an intensity plot of PER/US2p0080384
sequence col | ected according to one enbodi nent of the invention;

[0027] Figure 3 is a block diagramof a photovoltaic cell inspection device
in accordance with one enbodi ment of the invention; [0028]Figure 4 is a

schemat i ' grgm voltaic cell spect.i on d vi ce . of F|gure 3in
accor dan@é’(}\?jt h Se%f?oau‘f Iﬁ‘g Sghematie Vg QE? P%‘ﬁera in 8ccordancs with on

embodiment of the invention;

[0030] Figure 6 is a graph showing the photoluminescence spectrum for silicon, the
sensitivity of a prior art sensor, and the sensitivity of the camera in accordance with one

embodiment of the invention;

[0031] Figure 7 is a flow diagram showing a time-resolved photoluminescence

method in accordance with one embodiment of the invention,;

[0032] Figures 7A and 7B are schematic diagrams illustrating the method of Figure 7

in accordance with one embodiment of the invention;

[0033] Figures 8 is a schematic diagram illustrating a lifetime that is shorter than a

light pulse in accordance with one embodiment of the invention;

[0034] Figures 9A and 9B are schematic diagrams illustrating the method of Figure 7
in which the decay curve is generated for a wafer having a lifetime shorter than the light

pulse in accordance with one embodiment of the invention;

[0035] Figure 10 is a schematic diagram showing inspection of a photovoltaic cell in

accordance with one embodiment of the invention;

[0036] Figure 11 is a schematic diagram of a photovoltaic cell processing system in

accordance with one embodiment of the invention; and

[0037] Figure 12 is a block diagram of an exemplary computer system in accordance

with one embodiment of the invention.



WO 2011/ 123469PCT/ US2011/ 030394 [0029] Figures 5 is a detail ed schematic
view of a canmera in accordance with one enbodi nent of the invention;

[ 0030] Fi geipeoB/128468 gr aph showi ng t he phot ol um nescence PSPASRO10BG304
silicon, the sensitivity of a prior art sensor, and the sensitivity of the
canera in accordance with one enbodi nent of the invention; [0031] Figure 7
Is a flow diagram showi ng a tine-resol ved photol um nescence nethod in

accordan i ' t of the invention; [0032] Figures 7A and 7B
are scheﬁi@ﬂgigﬂgaﬁéﬁﬁgﬁqh rating the nmethod of Figure 7 in accordance
wi th one_enbodi nent of the invention; [0033]Figures 8 is a schematic

di agr am [0038% r 4} fimg-rasal yadehiofplumpgpcense ierbtifles isdiglpsed for imaging and

inspecting photovoltaic cells. Photoluminescence intensity is directly proportional to
carrier lifetime: -Ipp = ¢ An = cT, where n is the carrier charge density, ¢ is a constant and
T is the lifetime. A pulsed light source flashes the wafer, generating excess carriers in the
silicon, causing photoluminescence. The rate of carrier recombination is monitored by
imaging the photoluminescence decay over time using a photodetector that has a fast
response. A photoluminescence decay curve is generated, and the effective lifetime is

extracted from the curve. As a result, the effective lifetime is measured directly.

[0039] An embodiment of the invention will now be described in detail with
reference to Figure 1. Figure 1 illustrates an exemplary photovoltaic cell 100. The
photovoltaic cell typically includes a semiconductor wafer 104 that converts energy from
sunlight into electrical energy. The semiconductor wafer 104 is typically silicon but it
will be appreciated that other materials may be used. Metal contacts 108, 112
(anode/cathode leads) are provided at either end of the semiconductor wafer 104 to

collect the electrical energy 120. A current source 116 may also be provided.

[0040] Figure 2A is a graph showing a photoluminescence decay curve 200 of an
exemplary silicon wafer following a laser pulse 208. As shown in Figure 2A, the laser
pulse is much shorter than the lifetime (i.c., about 50 ns for the laser pulse compared to
about 1 ps for the lifetime of the photoluminescence). Figure 2B is an intensity plot of an
exemplary exposure sequence for the photoluminescence decay curve 200 of Figure 2A.
The slope of the line 212 shown in Figure 2B reveals that the lifetime is about 1 us. The

line 212 of Figure 2B was captured with a camera collecting a sequence of 200ns



|l i ght pulse in accordance with one enbodi nent of the invention;

[ 0034] Figures 9A and 9B are schematic diagrans illustrating the nethod of
Figure 7 wo2ehebds®he decay curve is generated for a waPEm/usamiliogo3ad
lifetime shorter than the light pulse in accordance with one enbodi nent of

t he invention;

[ 0035] Figure 10 is a schematic di agram show ng i nspection of

a photovoltaic cell in accordance with one enbodi nent of the invention;
[0036] Figure 11 is chemat i ¢ dj,agr am qf toyol.taic,cell processing
Lystem i ATt e dsEie e 2o bod A s BRSSP EHE ana T 00577 F gur e
12 is a block diagram of an exenplary conputer systemin _accordance wth
one enbophigteumiggscense dpgayexpeoie sequence of Figure 2B. The slope of the line 220 of

Figure 2C is equal to the reciprocal of the lifetime.

[0041]

Figure 3 illustrates an inspection system 300 according to one embodiment of

the invention. The inspection system 300 includes a controller 304, a camera 308, a

pulsed light source 312 and a photovoltaic cell or wafer 316. The system 300 may also

include a wafer sensor 320. As shown in Figure 4, the system 300 may also include high-

efficiency optics 400, an enclosure 404 and a support 412 for the device under test 316.

Referring back to Figure 3, the controller 304 may include a processor 324 and memory

328. The controller 304 may include timing circuitry. The camera 308 is used in

conjunction with the pulsed light source 312 to directly monitor the photoluminescence

decay of the photovoltaic cell 316.

[0042]

In one embodiment, the support 412 is an electrostatic chuck. In other

embodiments, the support 412 is a conveyor. In one embodiment, the inspection system

300 is designed to image a 10 x 10 cm or 15 x 15 cm photovoltaic cell 316 at a distance

of about 50 — 75 c¢m (i.e., the distance between the support 412 and the camera 308 is

about 50-75 cm).

[0043]

The camera 308 captures photoluminescence images from the photovoltaic

cells undergoing inspection in the system 300. The camera 308 may be optimized to

capture these photoluminescence images and may be optimized to capture images from

particular types of photovoltaic cells (e.g., silicon photovoltaic cells). The camera 308 is

characterized in that it is sensitive to low light, it can be turned on/off quickly (e.g., every



DETAI LED DESCRI PTI ON [ 0038] A ti me-resol ved phot ol um nescence technique is
di scl osed for imaging and inspecting photovoltaic cells. Photolum nescence
i ntensi t yWo=0dinaesply proportional to carrier |ifetime: PCIAS201a/08039¢ cT,
where n is the carrier charge density, c is a constant and T is the
lifetime. A pulsed |ight source flashes the wafer, generating excess
carriers in the silicon, causing photol um nescence. The rate of carrier
reconbi nat,i on | nitored by imagi t not ol um nescence decay, over time
Loing a oot wabbi ShSfvehhE SRR Sy bR T SRER et it e decay
curve is generated, and the effective lifetine is extracted fromthe curve.
As a resthout 93¢en eflgedmle lifetinme is neasured directly. [0039] An

enbodi nent of the invention will now be described in detail with reference
to Figure 1. Figure 1 illustrates an exenplary photovoltaic cell 100. The
phot ovol [04d] cellh ohy pinbedimgni, thel aadesa 30%sie ah cleattae bombavded activopitdhat
converts energy fromsunlight into electrical energy. The sem conductor

waf er 10¢enker (EBARS) Ay xiehiptady cditiéra ihbiving lhh BBARSpqhesr iatizdotdiin DS her
materials may be used. Metal contacts 108, 112 (anode/cathode | eads) are
provi dedpabntaid. 595769, @b chfiR &M KieR AUt &y iN&SB6ratddbyirefcb@lcb eat the

el ectrical energy 120. A current source 116 may al so be provided.

[ 0040] Fi . i i p i n e cuprve 200 of
- excrpioiran 3pthetirRS SR A G R PE B, e R R S T g e
2A, the r, pul se s ch shorter_than the Jifetinme (| e. 50 ns
for the PRAES g Sob b Miar bbok 3 ProgSabederins ¥ e FrMBi e

phot ol um nescence). Figure 2B is an intensity plot of an exenplary exposure
sequence(flagh mrE bpladee-ilhiniaded RED/GMQAS) wdranackor Jb. B wsuemR0 iThe sl ope
of the line 212 showmn in Figure 2B reveals that the lifetine is about 1 us.
The | i nefo2th2d bétweey theephdB®cathede 8@t ardettie WMIGINCM QS peode Al leosd, photansequence
of 200ns exposures every 250ns. Figure 2C illustrates a line 220 fit to
the | og RimtdeyBaiHkdtaihaes SENERaERER oA MASEH Se SLMURINGLhO bhotogih&ie2B. The
sl ope of the line 220 of Figure 2C is equal to the reciprocal of the

i T et ey, Q4L 1R bhS UHBkes1 Aol BROGSH kcRYRL BETHRRIGS COr ding to

a
one errbodt} men

anode 512. The electron slows down in the anode 512 creating many secondary
electrons. The primary electron and the cloud of secondary electrons are recorded and

measured by the CCD/CMOS anode 512.

[0045] In one particular embodiment, the camera 308 is an electron bombarded,
back-illuminated 1.3 MegaPixel CMOS camera, which can capture 30 frames per second.
In one embodiment, the EBCMOS camera uses a InGaAsP focal array, which reduces the
inherent dark current by more than a hundred-fold, and has a much lower read noise,
compared to a InGaAs focal plane array camera. The camera 308 may also have

electron bombarded gain to magnify the signal of every photon.

[0046] Figure 6 is a graph showing the photoluminescence spectrum for silicon 600

(i.e., about 950nm — 1250nm, with a peak at about 1150nm), the sensitivity of a prior art

10



the invention. The inspection system 300 includes a controller 304, a
canera 308, a pulsed light source 312 and a photovoltaic cell or wafer 316.
The syst eawD200/1846%9al so i ncl ude a wafer sensor 320. As PROWS201/0B03g4ur e 4,
the system 300 may al so include high-efficiency optics 400, an encl osure
404 and a support 412 for the device under test 316. Referring back to
Figure 3, the controller 304 may include a processor 324 and nenory 328.

The controller 304 include timng circuitry. The camera 308 is used in
Con unct FGRONHnAHBE Sens BB 1or i Pt Bercsshiss will Sas TYDHBRETH Bohe

phot ol unm nescence decay of the photovoltaic cell 316. [0042]1n one

enbodi meentianed 08y fohpwn 10 Figyirge, the eanpera 3P%tas € videead. by linedigels able to

enbodi ments, the support 412 is a conveyor. |In one enbodi nent, the

i nspect i cullestytht éull BOMsity calesagyrd dha ghotatagencacehOe xpetGummsshois by ik cm
photovoltaic cell 316 at a distance of about 50 - 75 cm (i.e., the distance
bet ween &6 whdrR fHe tdbRionatsitibuh wasee sansd®8tyi, sShoakoby: 1iO6045 hedmkss th@P43] The
canmera 308 captures photol um nescence i mages fromthe photovoltaic cells
undergoipgc%oégggtion in the system 300. The canera 308 nmay be optimzed to
capture these photol um nescence i mrages and nay be optim zed to capture

i mges fromparticular types of photovoltaic cells (e.g., silicon
phot ovol ¢saeq cel C r i L er i ! (b d
sensitivgmkgllo@&ﬁ%aﬁggﬁgﬁﬁggﬁ§gggﬁa%§%%E%% J%gnaéﬁgi%gzéggéﬁ%ﬂg%%ry 1-2
[is) and_ that it is sensitive. tpo the wavelength for siljcan | um nescence
(e, "ol st rpBUE SR miBs by OG0T - dhenSHBBSTRERY e ho caner a
308 is an el ectron bonbarded active pixel sensor (EBAPS). An exenpl ary
canmer a hawpadgight sEpapl Lis gwiseil $.ER eicd Badidamp. In gie abatimenipthedichs7 178,
the entirety of which is hereby incorporated by reference. A detailed view
of the ERARS 3@nsoxpabk themy timefioglofeatany Aslus bovange nf Falgesrlesshart he EBAPS
sensor 500 includes a faceplate 504, a photocathode 508, a CCD or CMOS 512
(whi ch magoubeo@sbatikhé tidriehadeathulsedisEQYoR) 100 ta SRAE K ageilIHEGppRAciaguum 520
is formed between the photocat hode 508 and the CCD/ CMOS anode 512. In use,

phot ons 1{1}1‘3{ ﬂﬁ@gyﬁé{d hip sgﬁ'r% @??‘i%ﬂﬁgﬁ’%@ tﬁ Pgﬁ‘;t%ﬁ t%%fd’ﬂﬂﬁ gh%b&l'fhi@r e emtted

by the photoc ode”and accel erate age. The accel erated

I i ! . ..1.JThe el I d i h
anode. st PRSPl MRy oL EERREIS M EeRE bR S bR R MRut A el e

cloud of secondary electrons are recorded and nmeasured by the CCD/ CMOS
anode 51g, E9045] L one parti cular enbodinent v Lhe. cafrer R 308 LS.
316. This allows the camera 308 to image the wafer 316 at several points in time along
the photoluminescence decay. The camera 308 captures exposures that are of the same
order or shorter than the lifetime of the material under study. (The minority carrier
lifetime of silicon can vary from a little less than 1, ps to several ms.) Thus, the camera

308 should be able to accumulate exposures at about the same rate as the light pulses

(e.g., about 100Hz to SkHz).

[0049] In use, the photovoltaic cell or wafer 316 is positioned in the camera’s field of
view. In one embodiment, sensor 320 is used to detect when the cell/wafer 316 is

positioned in the camera’s filed of view. A trigger signal may be sent by the controller
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back-illum nated 1.3 MegaPi xel CMOS canera, which can capture 30 frames per
second. In one enbodi nent, the EBCMOS canera uses a | nGAsP focal array,
whi ch redwioesittadePnher ent dark current by nore than a IrGmdiSe@1/0803d4 and
has a much | ower read noise, conpared to a I nGAs focal plane array canera.
The canera 308 may al so have el ectron bonbarded gain to nmagnify the signa
of every photon. [0046]Figure 6 is a graph show ng the phot ol um nescence

spectru ilicon O (i.e.,.agbout 9 - 1250n Wi eak at about
o5onn 344k ELeaen apt gndpuisiqidt Sotes S Rhn oGO rdeBERE 11 vi by of
t he canera |n accordance wi th one enbodi nent of the invention 608. As shown
in Fi gurdgenl fropethespison32Q that the cellivaéHd @ ibip nositien608, is able to col | ect
the full intensity coverage of the photol um nescence spectrum as shown by

| ine 600, whereas the traditional silicon sensor sensitivity, shown by |ine
604, has[00583 t HEwe pudscd bigktrsagese thaOashw tohllvmingteghe ecliweter 846 Firgufice 3, t he
pul sed |ight source 312 generates |ight that causes photol um nescence in

t he phot ev@abicaodsaile iBikGindémthe fieldesthidi 6k catnbe 308! S8d shogbtirssefur ce 312
is a pulsed LED or a flash lanp. In one enbodinment, the light source 312 is

capabl e Héht@l@ﬁrﬁ&afek‘ teedarens o, Bn@ihewto\hﬁhﬁa@s&ﬁcer %’18@ 08§ frBﬁ‘l'M?%Ezhﬁﬁs t han
about 100ns, and the tine between pulses is abo OHz to 5K It will be

appr eci l:s 0 e irect light
tover d t‘%ﬁ“z O rf Ry B GitpiobBhes ﬁ@gﬁ%ﬁﬂ@@nﬂ% @lé#’&“ev%g%%% [ight, but
al so incl infrared and yltraviol et t. 0 ulse.is used that is
mich shordSRHERE BHETHPT S Sgon ﬂfégqﬁﬁa 19 85 bpReAtE 9's 5 | one
the canera 308 to inage the wafer 316 at several points in tine along the
phot ol unfapige dreathogdeainescerec Eamethe wabs 3daptbe é@n@ﬁéag GAReEre igtcrigpe of t he
same order or shorter than the lifetime of the material under study. (The
m nor i t ydicaglowethatl ladtefar tensad hendredsaof nriarosva@mys.ffherhght pulsd, laed Helsged han 1 ,
[is to several ns.) Thus, the canmera 308 should be able to accumul ate

exposur egx ?ku@mt plidean sad® armdil@scasnd. Mecaldingttut EHél ifRSe {ae@33 m3baidtthd O0Hz to
5kHz) . 49] I n use, the photovoltaic cell or wafer 316 is p05|t|oned in

the Cama{;vﬁol% pfréc%ksdcaﬂfeasﬂy be done at least 20 times a second.
[0051] The image recorded by the camera 308 is then sent to a computer (controller
304 or another computer in communication with the camera 308) for image analysis.
This information can then be fed back into the process control system, and the process
can be repeated several times to collect the exposure data (e.g., as shown in Figure 2B)

after multiple time delays and after multiple pulses.

[0052] The computer can then fit a line to the exposure data to generate the
photoluminesce decay curve (e.g., as shown in Figure 2C). In one embodiment, the
computer may combine exposure data following multiple pulses to generate an image for
cach time delay. The computer may also calculate the slope of the curve to calculate the

effective lifetime.
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view. In one enbodi nent, sensor 320 is used to detect when the cell/wafer
316 is positioned in the canera's filed of view. A trigger signal may be
sent by tweeuon2sswbl er 304 to the canmera 308 and pul se@#Criugha11930p£e 312
when the controller 304 receives a signal fromthe sensor 320 that the
cell/wafer 316 is in position. [0050] The pul sed |light source then fl ashes
toillumnate the cell/wafer 316 for a few m croseconds while it is under
the fiel Vi of the canmera, 30 ort burs illum nates
the vt ol00338." SHa SomatEr SRS e B QG et VIS TGRS bl wr ry
to dimand crisp in_ mcroseconds. After a suitable tine delay, the canmera's
i nt er nal 214 nproyeaériarmarticendse sellwabng 16 Wé)g@érovsiﬂll@@len@aw QrHBLY,
phot ocat hode and capture the photol um nescence fromthe wafer 316. The
caner a 308kdafstr gs. Thecanpgpr maymlgd displadlie inzgesof the phetosoltaic hundr eds of
m croseconds. The |ight pulse, and del ayed exposure take place in under a
m | | i seceyidwafeedti. Mphi tifoinitdion ag eheh akebtodd cdfirejastdellieaRiAOd B, phORESS can
easily be done at least 20 tinmes a second. [0051] The i mage recorded by the
camera 304 thén bO &l SRM pahlls Bak BERBhEfaclub N A0 bEsistt oPiici@RY AR conput er
in communication wth the canera 308) for |nage analysis. This |nfornat|on
can t henpe fed back i,nto t roces tr 8s can
be r epea?gd LM AT Y alrsroelslsettge st o 1%&90%1”8@ BesS mo%jpo“n% SR on i n
Fi gure 2%% af% It|pIe time delays and after mul ti pl e pul ses. [0052] The
conput er S¢pR Wﬂt a line to the exposure data to generate the
phot ol um nesce decay curve (e g., as shown in Figure 2C). In one
enbodi nent, the cor uter conblne exposure data follow ng nmultiple
pul ses t D05dher dt wil pmg?eawcbtha@éwlm PRSSi tayxtratdhaelbigpmeat thadgsenl so
calculate the slope of the curve to calculate the effective lifetine.

pulse width and camera exposure time are of the same order as the photoluminescence

lifetime. In this case, Least Squares Iterative Reconvolution can be used to determine the
photoluminescence lifetime. The measured decay profile is the convolution of the laser
pulse, the camera exposure profile, and the photoluminescence lifetime. The laser pulse
and camera exposure profile can be measured, and then convolved with various lifetimes

until the lifetime that generates the decay profile closest to the measured one is found.

[0055] It will also be appreciated that the inspection module 300 may be combined
with other known inspection technologies to collect additional information about the

photovoltaic cell/wafer 316.

[0056] Figure 7 is a flow diagram showing the time-resolved process for determining
photoluminescence lifetime according to one embodiment of the invention. It will be

appreciated that the process 700 described below is merely exemplary and may include a
fewer or greater number of steps, and that the order of at least some of the steps may vary

from that described below.
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WO 2011/ 123469PCT/ US2011/ 030394 [ 0053] The conputer nay display the

phot ovol taic curve and lifetinme information and al so provide information on
t he cel | /wefer/2i®9such as overall efficiency, uniform PgI/Usaeiit/osshect s,
etc. The conmputer may al so display the images of the photovoltaic
cell/wafer 316. This information can then used to accept/reject
cells/wafers 316, and to bin themso that sol ar panels can be manufactured

with ac iLstent efficienc ing. The conputer, may al SO us he lifetine
" or e (R o proDpta o B & b Ao g SRR RarTF AT G VG a g
[0054] 1t will be appreciated that it is also possible to extract the

li fetinmecql) 7PReFpu@amphysetsons Ht may sepse b the vealpigeallr B 6tip Fepesttiongmdghe sane
order as the photolum nescence lifetinme. In this case, Least Sqguares

| t er ati vihe RemoranddiBusndomay ssndmesigrsb th the costralenmdfé t he phot ol um nescence
lifetime. The neasured decay profile is the convolution of the |aser pulse,
the canera exposure profile, and the photol um nescence lifetinme. The |aser

pul se anfd058irer ahexipassvueccis histe(euk 19d) reidathiede thanchfthehichaavasved w th
various lifetimes until the lifetime that generates the decay profile

ol 0sest 1 v GRASHIASIONIY)! Poil Qdffbic, HAORRIbE 304 inhy k% BigadRRL P! 2t ed

that the inspection nodule 300 may be conbi ned with ot her Known inspection

t echnol ogj Ry i i phot ovol tai c
celI/mafgypéfhgpﬁg%%@¥ﬁfgg?%§%f?E¥%¥%Hé¥& F&%ﬂ?ﬁ?ﬁ%%ﬁ#ﬁ§6the ti me-resol ved
process for determ ning photol um nescence |ifetime according to one

enbodi ne t inventjion. It will be appreciated that the process 700
Goscri belToBl ow i AEERI GOB AR R AR or T8 oh CTEDR oF SR eR: er
nunber of steps, and that the order of at |east sone of the steps may vary
from t ha? O%ietrehies PheipByminescence data as an exposure as described above. This

process may be repeated several times by generating multiple light pulses, and capturing
the exposure data following each light pulse to generate sufficient exposures to generate
an image at a particular time. Once sufficient exposure data is captured (block 716), a
time delay then occurs (block 724), and the process repeats itself again. For example, the
light source may be pulsed one or more times, and the camera captures the exposure data
as described above. The process repeats again following multiple time delays until
sufficient exposure data to generate the photoluminescence decay curve. In one
embodiment, any value or range of values between about 5 time delays and about 50 time
delays occur to generate the photoluminescence decay curve. It will be appreciated that
fewer than 5 time delays or more than 50 time delays may occur. In one embodiment, the
time delays may differ by a few nanoseconds or by a few microseconds, and in one
embodiment, the time delays may occur at any value or range of values between about
10ns to about 200 ps. It will be appreciated that the time delay may be less than 10ns or
greater than 200 ps. In one embodiment, the process repeats any values or range of

values between about ten times and about 2,000 times. It will be appreciated that the

14



WO 2011/ 123469PCT/ US2011/ 030394 [ 0057] As shown in Figure 7, the process 700
may begin by sensing the wafer (or cell) 702. For exanple, sensor 320 may
sense t havotha/madeer / cell 316 is in position under the eawarsa01303039and nay
send a signal to the controller 304. [0058] The Iight source is pul sed
(block 704) to illum nate the wafer, which causes the wafer to gl ow (bl ock
708). For exanple, the control 304 may send a trigger signal 304 to the

pul sed |ight source 2 | se Iight toward t fer/cell 316. [0059] The
Parora « HRC Svret i bRuates Bn i S an i O0dRAR, 1ESht he camera 308
captures the photol um nescence data as an exposure as described above. This
process ¢Yodimcnie feduaes al/amay the iexpasupydage erpiurgdgonaghiepltiéna dedgt  pul ses,
and capturing the exposure data followi ng each |ight pulse to generate

suf fi ci evdricex Posenagple, ovigeres sigml anstiomggs thd begipang ofcthe decayicoeve, Oece
sufficient exposure data is captured (block 716), a tinme delay then occurs
(bl ock 7gdressais Hehepdutaacaost IRpedbst 1(00sahds, Bg@aiien thokigexdspleekerithe | i ght
source may be pul sed one or nore tinmes, and the canera captures the

exposur e 33l iy A 6 ARAKGbolNBORTARES | WIBRRALBIRAGRAIANNLG)Y Owi ng
multiple time délays until sufficient exposure data to generateé the
phot ol unj_ nescence decay, curve. In.one e di ment ny val ue .or range of
Vaues  pel GRERE ShetReg, Gkt ¥ palle SoRmE IR e o e Mgl P B Sectr bo
generate. t he (rotoluninescence decay curve. It will be appreciated that

f ewer th%WmBV¥-ne del ays or nore than 50 tinme delays may occur. In one
enbodi nent, the tine delays nmay differ by a few nanoseconds or by a few

m croseconds, and in one enbodi ment, the time del ays naY occur at any val ue
or rangel0960}a| dios crunnledriguls it andiB illasteoeaptTowm Pilksipla expesures fge
appreciated that the tine delay may be less than | Ons or greater than 200
[is. |n onbiphpdshsieitas desvebpd almess ln Epeat 3B,ahy tivaldeby 704 15 gegter thnval ues
bet ween about ten tines and about 2,000 tines. It will be appreciated that
the progesisnd@yay ERG#oritd &Rldhmers&pbhias 75€NAL kh®sn BN FigBice 7Ahad 78, R0

times. In one enbodi nent, the nunber of tinmes the exposure data is captured

for a giyvem 1&(();?1&33&%6 J18% is B thsxX#pp! €, when the signal is strong, at

t he begi nni ng the dec curve, the process may be repeated about 10 to
about 100 tines, but when the signal is weaker, the process nay repeated

about 10 ab 2 i ] i1l b ciate hat coll tin
o oasur obled 35 HrerfReBadil (St 7, Ml PERRR RECLBEL) L BodRleiS ' 19

i mproved. : :
P generate the photoluminescence decay curve (block 728), the exposures are combined

into images at the computer and the photoluminescence decay curve is generated based
on the different images at the various time delays (block 732). The photoluminescence
decay curve can be used to determine the lifetime of the wafer as described above (block

736).

[0062] The lifetime can then be used to accept/reject the wafer. In one embodiment,
the computer determines whether the wafer is acceptable. In another embodiment, the
computer outputs the lifetime to a display, and a human operator determines whether the

wafer is acceptable.
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[ 0060] For exanple, Figures 7A and 7B illustrate capturing nmultiple
exposures for nultiple pul ses 750 as descri bed above. In Figure 7B, the

ti me del ayo2Bu/i2s46gr eat er than the tine delay 752 pri or PCO/USh& 103034 a
exposure 756. As shown in Figures 7A and 7B, an exenplary tinme between

pul ses is less than I nms. [0061] Referring back to Figure 7, once the canera
has captured enough exposures to generate the photoluninescence decay curve
(bl ock 7 t he, ex ures are co ned into | ges at t uter and the
bhot of unf0NE3 e B SHBE LYY Bir DB GLME el Bus BaToR: PhEHBTHRE Bnt | mages. at
the various time del ays (bl ock. 732) The phot ol um nescence decay curve can
be used ¥guided dP# sell¢oHen preuss e e@fsep%is\ﬁafiébe wsulysadyghegolyeon af e ock
736). [0062] The lifetime can then be used to accept/reject the wafer. In
one enbodifeeiatl] lifdheec dimguifetrmel enagens melspandentdithe plotolamencscecaccept abl e. In
anot her enbodi mrent, the conputer outputs the lifetine to a display, and a
human opgitebioy, ade tieehResd Het ot REc¥RInedffdcss. accept able. WO

2011/ 123469PCT/ US2011/ 030394 [ 0063] Because t he neasurenent of the decay
curve is direct, no calibration is required. Data collection occurs in a

few secorghsaqnd ﬁh'éﬁ‘e A8 Mt wheraanblighin{&stahdidne Af shbR&: thaf 8k/pafbhindd feti me.
The lifetinme i mage i s i ndependent of the photol um nescence intensity, and

there ar &t H2 11%?1?185@0 | Q- &lor tl?ef I&lﬁﬁﬁlh&nex%&u?g Bﬁle of the imager, as shown in

Figure 8. It is still possible to extract the correct lifetime from a photoluminescence
decay that is shorter than the illumination pulse if the delay between illumination and
exposure can be more finely controlled than the lifetime. EBAPS cameras are
advantageous for this embodiment because they have an intrinsic filter and do not
respond to short wavelength light so that overlapping illumination and exposure can be
performed. Thus, the light source 312 and camera 308 can operate at the same time. As
shown in Figure 9A, a pulse chain, in which the exposures overlap in time relative to the
illumination pulse, is used to generate the photoluminesce decay curve. In the pulse
chain shown in Figure 9A, a single exposure at a given delay time is shown, but there
could be tens to thousands of exposure at a particular delay time to accumulate a useful
image. An exemplary decay curve constructed from overlapping exposures is shown in
Figure 9B. Statistical methods, such as least squares iterative reconvolution or method of
moments may be used to extract the photoluminescence lifetime from the measured

decay curve shown in Figure 9B.

[0065] Figure 10 illustrates a schematic view of an inspection system 1000 showing
the inspection system 300 with a conveyor 1000. As shown in Figure 10, multiple

photovoltaic cells 316a — ¢ are fed under the camera 308 and pulsed light source 312 on
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[ 0064] There are cases where the lifetinme of the sanple is shorter than the

pulse tinme of the illum nation source or the m ni num exposure tine of the
i mger, a80ghtovi34em Figure 8. It is still possible to ePCTASRONLINB3QHOr I ect
lifetime froma photol um nescence decay that is shorter than the

illumnation pulse if the delay between illum nati on and exposure can be

nore finely controlled than the lifetinme. EBAPS caneras are advant ageous

for this,enbodi ne ause 't he ve. an intrinsic filter and _do not
Fespond 16 R ET JRrbr St s gt PR Finfen ST Smher g a R4t on_ and
exposure can be performed. Thus, the light source 312 and canera 308 can
oper at e €ANVEYE belmsvernineeds tasstapn olle limiting dapter omahe maximua thigeghput ismowni ch

t he exposures overlap intime relative to the illum nation pulse, is used
t 0 gener mngertthe imdmmoiubsy sias det e ebyitcol the system tdphypidalg hatrde anshown i n
Figure 9A, a single exposure at a given delay tinme is shown, but there
coul d betrigpeort ti Wirerss afitth a0bweXROatyctial sytddafd heCuskdlin geinalynd progest 0
accurul ate a useful inmage. An exenplary decay curve constructed from
OVEF'&pp&BHn&%ﬂ?ﬁg&ﬁ§ is shown in Figure 9B. Statistical nethods, such as
| east squares i1térative reconvolution or nmethod of nonents nmay be used to
extract the photol um nescence lifetinme fromthe neasured decay curve shown

o 0 gy | 90051 FL ML600,0 Ll 155, RIS 00, e et o

system 1 I'nspection em 0. As

shown in, Figure. 1Q, |.tiple photovoltaic cells 316a - e are fed under the
camera 308% wfﬁolgséfgliﬂf@ﬁfn OF 68 pacsd any, er@dﬁ@@mceﬁ B wehiite pul sed
phot ol uni nescence uses strobed illum nation, the conveyor belt never needs

t o stop. inFrasipg e wagr praeesomedime brsayssthaimaicrinl nghpaits theragplimgiger t he

i magi ng subsystem but the ability of the systemto physically handl e and

t r anspor step tthe wadgngsis natowder dlel ratedinvihieg steppect i on systemto be used in an
in-line process nonitoring system [0066]Figure 11 illustrates an exenplary
in-line process nonitoring system 1100. As shown in Figure 11, the nonitor
can be pjoA6FY anywresx@miphry heliff FOEeSSinkisaci 1100Uhe kyxedrne asd0acluldes waf er
processing tine because the material handling is the rate limting step

(the i magingiibg s{\Perh 3008004, AR fRlafd tdxThieiHeudE BRY, o HRRRTN Hodi€ 1 foreap! ary
in-line processing system 1100, the system 1100 i ncludes the 1 nspection

Syt em 3000 49000qR 1985, And Lentaie, SO RLIAGA, » &, AT GuR' oy [flube 1108

a wet etc assivatiron an a screén’ print
nodul e 1120, a firi nogul e 1124 and t nd sort nodule 1128. In one
enbodi meh 1¥1H%H}9&H{Peﬁg?‘ aﬁgeéesr ot mad g Y %W&@&Ofigp@t@ewngewr ough the
in-line processing system 1100 from the inspection nodul e 300/1000 through
t he t est |¥dfcedsthe W@é}gs’f/gholq_\ggtalc cells through the in-line processing system 1100 from

the inspection module 300/1000 through the test and sort module 1128.

[0068] As shown in Figure 11, the inspection system module 300/1000 may be
placed at the beginning of the process, between the etch and texture module 1104 and the
diffusion module 1108 to examine crystal defects and etchant residue, between the
diffusion module 1108 and the wet etch module 1112 to monitor dopant uniformity and
cracks, between the passivation and ARC module 1116 and the screen print module 1120
to monitor film passivation uniformity and cracks, between the screen print 1120 module

and the firing module 1124 to monitor metallization defects and cracks, and as the test

17



[ 0068] As shown in Figure 11, the inspection system nodul e 300/1000 may be
pl aced at the beginning of the process, between the etch and texture nodul e
1104 and wbeodif28468i on nodul e 1108 to exam ne crystal deC&aisg01a803e4 chant
resi due, between the diffusion nodule 1108 and the wet etch nodule 1112 to
nonitor dopant uniformty and cracks, between the passivation and ARC
nmodul e 1116 and the screen print nodule 1120 to nonitor film passivation
uniformty and c e en t scre nt 1 he firing
moaul e 1SRRG bF (s RESSITRY 2bd P Figer BiP U lolsa PR R BE R Dol ¢ et
and sort nodul e 1128 for sortln and binning This allows wafers to be
removed POESFBEHCHRsdRd ycheyF ﬁl@featm‘cf vefersdpaig éhedirce phichengpleet &0i¢ om t he

| ine, which enables a rapid shift in cell efficiency through in-1line

i nspect i snftamdelbsfGicescyribsprehaedise myppedtoncmd agoide diispeadessipgolnadngmi nescence
i mages of in-process material and finished cells can be collected at 3600

waf ers penbdiitent, ﬁﬁb&aﬂhﬁg@ﬁeﬂcﬂﬁﬁlb‘g& of ic-hRRe@dn Ml dind ifishey edl1scah lbe
efficiency through tighter process control and reduced processing costs.

[ 0069] Fi gyffcBrcdat §Ma@rs%e@ﬁéﬁ‘%daﬁta%@s%@l%ﬁ@hf%&éa@é&l ﬂEld”ﬁﬁﬁ}bO@d ¢dn the

exenpl ary formof a conputer system 1200 within whi a set of

i nstruct] Si t he mac orm.any one or nore of the
et hodol S0 BLefTe fRRH R e BRI il SRR BT FRY SRS nae ve

enbodi nents, the machine operates as a standal one device or nay be
connecte g., net ot her machines.. In.a networked dep| oynent,
t he mac hﬂl‘?&ghy &) \A%kf?%’fast%%‘a%réﬁlg&%“we%?se&taél@P%FnaBlFmS”b‘i Sﬁ?mﬁ]&@%i ne in
server-client network environment, or as a peer machine in a eer to peer
(or di st formefadpmpeiansysicraded) sithanvhiciraectaidnitmetionsy (G eaasing

personal conmputer (PC), a tablet PC, a set-top box (STB), a meb appllance,
a netmorkmdﬁm¢Ewmx&mmmnyoocobmbdgﬁﬁhenw&m@ohgﬁhHhmuﬂa@hhheLuﬁyémecuting a
set of instructions (sequential or otherw se) that specify actions to be

taken byeddaated MachliddativEehibdaimentd) ilcemaitine dhesdteidser st@ehione desicé bt ust r at ed,
the term "machi ne" shall also be taken to include any col |l ection of

machi nes,Lhat cbrﬁféb%é %} b YRk ddtd b th¥r rﬁé&%%.%e Ifta A€o g&fd d@lﬂlo?'nr%%? et s) of

instructions to per any one OI’ nore o he rret ho scussed

her ei n. L1QﬁQ%Tge ele ) %ﬁya Er.system ﬁ%ﬁ ] F udes a_processor 1202
(e.g., a cehl'y Ay PEeEssi g iy y TG i”E:sC BF JL &Sy %eun.t (GPU) or
both), a main nenpory 1204 (e g. read onIy menor ash nenory,
dynam ¢ PHNEEIYAOBESN RT3/ PCCT BRANC ik RCEHO s???fc,(ﬁl? eﬁtst?gteekmw e8PRAM)  or
Ranbus DRAM (RDRAM), etc.) and a static menory 1206 (e.g., flash nenory,
static remdonmsntels mehirymEGRACIVEt & pyrsongdhcempeie i o tablet Rt b setach
other via a bus 1208.

top box (STB), a web appliance, a network router, switch or bridge, or any machine

capable of executing a set of instructions (sequential or otherwise) that specify actions to
be taken by that machine. Further, while only a single machine is illustrated, the term
“machine” shall also be taken to include any collection of machines that individually or
jointly execute a set (or multiple sets) of instructions to perform any one or more of the

methodologies discussed herein.

[0070] The exemplary computer system 1200 includes a processor 1202 (e.g., a
central processing unit (CPU), a graphics processing unit (GPU) or both), a main memory

1204 (e.g., read only memory (ROM), flash memory, dynamic random access memory
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[ 0071] The conputer system 1200 may further include a video display unit

1210 (e.g., a liquid crystal display (LCD) or a cathode ray tube (CRT)).
The conpuweroslys4sm 1200 al so i ncl udes an al phanuneri c POpAIS2@iewsEses 1212
(e.g., a keyboard), a cursor control device 1214 (e.g., a nouse), a disk
drive unit 1216, a signal generation device 1220 (e.g., a speaker) and a
network interface device 1222. [0072] The di sk drive unit 1216 includes a

conput er - bl e medi um 122 n i | s stored e qr et s, of
obruct (A8R e S gariRars HeBa) sl ok BoaRys SR BRI R e

met hodol ogi es or functions described herein. The software 1226 may al so
resi de, #Bhpitatiemomery E06|(g&s flaphpemery, ptatigiraigiom 29sessragmoRydBAMIL 204
and/or within the processor 1202 during execution thereof by the conputer
syst em 1&00, whihle comimunrpetroviyh dR04tkem dria hleusph208essor 1202 al so constituting
conput er -readabl e nmedi a. The software 1226 may further be transmtted or
recei ved over a network 1228 via the network interface device 1222. [0073]
Wi | e t hpOTdiputiiccospdab byt dRommby 24 tHes irkhelsn videadisgxeopt 8230 enbodi ment
to be a single nedium the term "conputer-readabl e medi unf shoul d be taken
to 'nC'U?ﬁ%ﬁaﬁ?ﬂgkﬁmﬁ@@hﬁﬁy@LCDybﬁé&h&xﬂﬁﬁyﬁﬂchﬁﬂb)aTE?&&ﬂﬁ%&%?ﬁmﬁr

distribu at abase, and/or associ ated caches and servers) that store the

t ' ' - - ¥ t i shal |
ol %0-be TR el SRPHALARAR ol 8oL P O R GBI AL RO 017
di . ' t. of,. inst ti f ti b hi
nd ¢ hat SOARCE b EndcHRe: fAISaTHE LRI Ao criees) ERroBReYRE ed foBol ogi os

of the present invention. The term "conputer-readabl e storage nmedi unt’ shal
accor di ngbReaker) erkenctverk Hédripge deyae 124 be linmted to, solid-state
menories, and optical and magnetic nedia. [0074]1t should be noted that the
conputer is illustrated and di scussed herein as having vari ous nodul es

whi ch pel00d2in pditeidesd drrvefunitdil 6 mshaled aicntmpncteadallh nodenandiser. 1t shoul d
be understood that these nodules are nmerely segregated based on their

funct i onwhizh i§ fiercdake opofesty dfihstalttiandclepoasant 1 26 pubedyilaativaice and/ or
execut abl e software code which is stored on a conputer-readabl e nmedi um for

execut i Ofy /A8 APREOREIBIS 0 SRIBHfuhBGoRUSMAE herblle WRY do@aird 1L NSO the
di fferent nodul es and units can be conbined or segregated as hardware

and/ or sof twar red ut er.r r eadabhl e nedi S ve.as,.nodul es in
jypdli 2 St B R R A MR TR S R R UG R T e

be understood t rocesses and technj ques descri bed herein. are not
processor &%& d?lrlng execution t ereo?%y tﬂeqcornputer system 1200, the main memory

1204 and the processor 1202 also constituting computer-readable media. The software
1226 may further be transmitted or received over a network 1228 via the network

interface device 1222.

[0073] While the computer-readable medium 1224 is shown in an exemplary
embodiment to be a single medium, the term “computer-readable medium” should be
taken to include a single medium or multiple media (e.g., a centralized or distributed
database, and/or associated caches and servers) that store the one or more sets of
instructions. The term “computer-readable medium” shall also be taken to include any

tangible medium that is capable of storing, encoding or carrying a set of instructions for

19



inherently related to any particul ar apparatus and nay be inpl enented by
any suitable conbination of conponents. Further, various types of general
pur pose OE020881264%9 be used in accordance with the teackChgs2adessesvbed
herein. It may al so prove advantageous to construct specialized apparatus
to performthe nethod steps described herein. The present invention has
been described in relation to particul ar exanples, which are intended in

all respects.to be illustrative rather than restrictive. Those illed in
The art greRidpyr Seractenat T Ay o b EaRtPHehYAL: SFORG AT o
software, and firmware will be suitable for practicing the present

i nvent i omethpelogigppfithe dreset iventionn The tms compnEE¢aslable sfoyageqnedyns or any
ot her device or conbi nation of devices which can carry out the disclosed
f unct i onshallnce@dpghsle thkerctonpeltdy, boewd dbllieiiadgo.rsobdisttsmemouededd on nedi a.
The phrase "conputer systeni, as used herein, therefore refers to any such
devi ce osptiamidiabdetic @fedsich devi ces. [0076] Moreover, ot her

i npl enentations of the invention will be apparent to those skilled in the
art from consideration of the specification and practice of the invention

di scl oseghgya] ei N sh¥ald RURDIGRECHS cHRPUEF isGRIRARANNLE dRkulbe neercdss bed
enbodi nents iy be used singly or in any conbination. It should be

der st . . ' I . 0.
e ent o AR ARSRRS SR b REM T AR FERECh OB NETEL Dl e Dbt 1,

any suitab]e nbi nati on . of conponents. Th resent i nvention has. been
et cr bl oheiid B B d oS L e R, s i O Seips e DS PR BRI ol |
respects to be illustrative rather than restrictive. Those skilled in the

art wi | | foshsrsake af descrptionandyrepricsans eermputeiisd varciapfor gkqoutable soffmtasbl e f or
practicing the present invention. It is intended that the specification and
exanpl escdile vdodsisderedloms cemputpt-aragdatdamedium tdr caetutioe oa@pp@pand spirit of
the invention being indicated by the following clainms. CLAIM Wuat is

cl ai med édimputing hardwlare ATBY S4rRits CaBbASO MG different nduloyREd DFitd SBARCT i on
nodul e to generate a tinme-resol ved photol um nescence i mage of a silicon

wafer, t L i j i I .S g ource and
&ﬁnﬁlggﬁngggggeg%& Gl had dﬁ‘or%@ﬂ%ﬁﬂe;shdggd 8n RebRBthet-tARIbIS

an el ectron active pixel sensor;

medium as above as modules in any manner, and can be used separately or in

combination.

[0075] It should be understood that processes and techniques described herein are not
inherently related to any particular apparatus and may be implemented by any suitable
combination of components. Further, various types of general purpose devices may be
used in accordance with the teachings described herein. It may also prove advantageous
to construct specialized apparatus to perform the method steps described herein. The
present invention has been described in relation to particular examples, which are
intended in all respects to be illustrative rather than restrictive. Those skilled in the art
will appreciate that many different combinations of hardware, software, and firmware
will be suitable for practicing the present invention. The computer devices can be PCs,

handsets, servers, PDAs or any other device or combination of devices which can carry
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a plurality of processing nodules to process the silicon wafer into a

phot ovol taic cell. 2. The systemof claim1, wherein the inmaging
i nspect i oMOorzodui2a46bur t her conpri ses a wafer sensor and RCTAISLI10I0BEBPH4 i N
comuni cation with the pul sed |ight source and the canera. 3. The

systemof claim1l, wherein the plurality of processing nodul es are sel ected
fromthe group consisting of etch, diffusion, wet etch, passivation and

ARC, scree rint, firing and combinations th af . 4, The system of
ol m 1, Sue? SelosddabSbls AL RSl bR abEb R ansireripas refrdls

i nspection nmodule, and wherein the systemfurther conprises a second

i magi ng MAdige dF BRrase AN USESHEEN +4rcised herpia, IcTRfaIcirelprsd apy sdissi ng

nodul es. WO 2011/ 123469PCT/ US2011/ 030394 5. An inspection nodul e
conpri si dgyiceaorpoindbadhtion ghsuchalevwes.t o cause phot ol um nescence in a wafer;

a canmera conprising an el ectron bonbarded active pixel sensor to capture
phot ol um nescence exposure data fromthe wafer; and a conputer to
gener at e[(76] Me-Me&sovereethphiaiphdnunitatRes enNte itkeddyn ol be appaaemttdrehose

phot ol um nescence exposure dat a.
skilled in the art from consideration of the specification and practice of the invention
disclosed herein. Various aspects and/or components of the described embodiments may
be used singly or in any combination. It should be understood that processes and
techniques described herein are not inherently related to any particular apparatus and may
be implemented by any suitable combination of components. The present invention has
been described in relation to particular examples, which are intended in all respects to be
illustrative rather than restrictive. Those skilled in the art will appreciate that many
different combinations will be suitable for practicing the present invention. It is intended

that the specification and examples be considered as exemplary only, with a true scope

and spirit of the invention being indicated by the following claims.
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6. The inspection nodule of claimb5, further conprising a wafer sensor and
a controller in comrunication with the pulsed |Iight source and the canera.
7. The i nspeotviasdepodul e of claim5, wherein the wafer PSTASPMOW030B0S t ai C
cell. 8. The inspection nodule of claim5, wherein the wafer
conprises silicon. 9. The inspection nodule of claim5, wherein the
canera is configured to detect |um nescence wavel engths of at |east about
950nm t o, at hﬁ%set about 1250nm 10. The inspection nodul e of claimb,
wher ei n F?re“ ra conprises a I nGAsP focal array. 11. A net hod
conprising: directing a first light pulse at a wafer to cause
phot ol u E@%@?déﬁapturi ng first photol um nescence exposure data at a
first tine; capturing second phot ol um nescence exposure data at a
second tine, the sAcgstdmtdomprismigng after the first tinmg; capturing
third photol um nescence exposure data at a third tinme, the third tinme being
after the second tamBnaging inspection module to generate a time-resolved

photoluminescence image of a silicon wafer, the imaging inspection module

comprising a pulsed light source and an electron bombarded active pixel sensor;

and

a plurality of processing modules to process the silicon wafer into a

photovoltaic cell.

2. The system of claim 1, wherein the imaging inspection module further
comprises a wafer sensor and a controller in communication with the pulsed light source

and the camera.

3. The system of claim 1, wherein the plurality of processing modules are
selected from the group consisting of etch, diffusion, wet etch, passivation and ARC,

screen print, firing and combinations thereof.
4. The system of claim 1, wherein the imaging inspection module is a first

imaging inspection module, and wherein the system further comprises a second imaging

inspection module between two of the plurality of processing modules.
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directing a second light pulse at the wafer to cause photol um nescence;
capturing fourth photol um nescence exposure data at the first tineg;

capt uri ngwPi2btih2pdsot ol um nescence exposure data at the PETASALLIOBEI4
capturing sixth photol um nescence exposure data at the third tineg;
conbining the first photol um nescence exposure data and fourth

phot ol um nescence exposure data at the first time to generate a first
photoluninescgnce i, mge %t t he ﬁirst ti.me; conbi ning the second
phot ol umi nescénce éﬁﬂ%@ﬁ?énﬂﬁ?glﬁﬁﬂm??$?% phot ol umi nescence exposure data
at the second tinme to generate a second phot ol um nescence i mge;

conbi ni ng the t hi rdPpieest behispwes Kefiaee RIgiymMreseca ihhakirxt h

phot ol um nescence exposure data at the third tine to generate a third
phot ol unmi nescence & paEgep camgrising an ekcotmy hombartlibkadtive pixel sasontd captoirg hi rd
phot ol um nescence i mages of the wafer to generate the photol um nescence
decay curve ophdtblami@dsednce 2pokie: dukd hod tef wafedi aid11l, further conprising
capturing fourth photol um nescence exposure data at a fourth tine, the

fourth time being Atiukih il §ire@Rd WHE k08 QR Pl COMDT i Ses

combi ning the first, second,” third and fourt phot ol um nescence exposure
data to genergte @ PRASRMINLASRECREGuASERY curve of the wafer.

6. The inspection module of claim 5, further comprising a wafer sensor and a

controller in communication with the pulsed light source and the camera.

7. The inspection module of claim 5, wherein the wafer is a photovoltaic cell.
8. The inspection module of claim 5, wherein the wafer comprises silicon.
9. The inspection module of claim 5, wherein the camera is configured to

detect luminescence wavelengths of at least about 950nm to at least about 1250nm.

10.  The inspection module of claim 5, wherein the camera comprises a

InGaAsP focal array.

11. A method comprising:

directing a first light pulse at a wafer to cause photoluminescence;

capturing first photoluminescence exposure data at a first time;
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13. The method of claim 11, further conprising capturing fifth

phot ol um nescence exposure data at a fifth time, the fifth tine being after
t he fourtwotome234nd wherein the conbi ni ng conpri ses colbirAispg10BEs4ir st ,
second, third, fourth and fifth photol um nescence exposure data to generate
a phot ol um nescence decay curve of the wafer. 14. The method of claim
11, further conprising sensing the wafer prior to pulsing the |ight.

15. The method of claim 11, further conprising determning the carrier
Ctetime of the warERruSSo PR pRGr Gt HRs e Bl tackpradfue B T 16
A nmethod conprising: pulsing light at a wafer to cause phot ol um nescence,;
capturing fir%ﬁoﬁh%@6m9W€ﬁ@§bﬁﬁ BStdi¥bsure data at a first time; capturing
second phot ol unm nescence exposure data at a second tinme, the second tine
being after the fi ecapturirigtbird photolunvagicenderegpotuire datphiod tiindrinne slosthod
exposure data at a third tine, the third tine being after the second tine,
wher ei n capt ufiind @einp@fisehoRebdnd@ingd; UM nescence exposure data overlaps with
at | east one of capturing the first photolum nescence exposure data and

capturing the thi r@ir&ﬁﬁ%ﬁ'sb’éﬂnﬁ@%ﬁ?ﬂﬂg’e SAROFHFE tF@LRs pRRGluminescerc@Di Ni Ng
the first, second and third photol um nescence exposure data to generate a

phot ol um nescence 9a%?1?f¥ngcf%{n¥ﬁ pfljoftofurr}lelnél\s%&%% ‘exposure data at the first time;

capturing fifth photoluminescence exposure data at the second time;

capturing sixth photoluminescence exposure data at the third time;

combining the first photoluminescence exposure data and fourth
photoluminescence exposure data at the first time to generate a first
photoluminescence image at the first time;

combining the second photoluminescence exposure data and fifth
photoluminescence exposure data at the second time to generate a second
photoluminescence image;

combining the third photoluminescence exposure data and sixth
photoluminescence exposure data at the third time to generate a third
photoluminescence image; and

combining the first, second and third photoluminescence images of the

wafer to generate the photoluminescence decay curve of the wafer.
12.  The method of claim 11, further comprising capturing fourth

photoluminescence exposure data at a fourth time, the fourth time being after the third

time, and wherein the combining comprises combining the first, second, third and fourth
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17. The method of claim 16, further conprising sensing the wafer prior to

pul sing the |ight. 18. The nmethod of claim 16, further conprising
det ermi niwg 20he128@prier lifetinme of the wafer based on PO®/US2011/030394

phot ol um nescence decay curve. 19. A nethod conpri sing:

directing a first plurality of Iight pulses at a wafer to cause

phot ol um nescence; capturing phot ol um nescence exposure data after a
first ti elay for each of , the firs lurality of light pulses;

i v ect i nios SRt Tse SRS e o depat bl Sunides s B8 SR dhe

phot ol um nescence,; capturing photol um nescence exposure data after a

second tWﬁ%fdelay for each of the second plurality of light pulses, the
second time delay being different than the first tinme del ay;

directing a third plurality of light pulses at a wafer to cause

phot ol um nescence,; capturing photol um nescence exposure data after
a third time del ayThemeeddbfofirh he, futhedcaphpisalg daptueinglfifght pul ses, the
third tine delay being different than the first tine delay and the second

time del ﬁ%tolﬁﬂﬁinescence exposure data at a fifth time, the fifth time being after the fourth time,
and wherein the combining comprises combining the first, second, third, fourth and fifth

photoluminescence exposure data to generate a photoluminescence decay curve of the

wafer.

14.  The method of claim 11, further comprising sensing the wafer prior to
pulsing the light.

15.  The method of claim 11, further comprising determining the carrier

lifetime of the wafer based on the photoluminescence decay curve.

16. A method comprising:

pulsing light at a wafer to cause photoluminescence;

capturing first photoluminescence exposure data at a first time;

capturing second photoluminescence exposure data at a second time, the
second time being after the first time;

capturing third photoluminescence exposure data at a third time, the third
time being after the second time, wherein capturing the second

photoluminescence exposure data overlaps with at least one of capturing the first
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generating a photol um nescence decay curve of the wafer fromthe
phot ol um nescence exposure dat a. 20. The nethod of claim 19, further
conpri si yoxensi2ey9t he wafer prior to pulsing the |ight PCT/US201123039he

met hod of claim 19, further conprising determining the carrier

t he waf er based on the photol um nescence decay curve.

lifetinme of

photoluminescence exposure data and capturing the third photoluminescence

exposure data; and

combining the first, second and third photoluminescence exposure data to

generate a photoluminescence decay curve of the wafer.

17.  The method of claim 16, further comprising sensing the wafer prior to
pulsing the light.
18.  The method of claim 16, further comprising determining the carrier

lifetime of the wafer based on the photoluminescence decay curve.

19. A method comprising:
directing a first plurality of light pulses at a wafer to cause

photoluminescence;

capturing photoluminescence exposure data after a first time delay for

cach of the first plurality of light pulses;
directing a second plurality of light pulses at a wafer to cause

photoluminescence;

capturing photoluminescence exposure data after a second time delay for

cach of the second plurality of light pulses, the second time delay being different

than the first time delay;
directing a third plurality of light pulses at a wafer to cause

photoluminescence;
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capturing photoluminescence exposure data after a third time delay for
cach of the third plurality of light pulses, the third time delay being different than
the first time delay and the second time delay; and

generating a photoluminescence decay curve of the wafer from the

photoluminescence exposure data.

20.  The method of claim 19, further comprising sensing the wafer prior to
pulsing the light.
21.  The method of claim 19, further comprising determining the carrier

lifetime of the wafer based on the photoluminescence decay curve.
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