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suffides, selenides, and tellurides only. Thin film based solar cell devices may utilize these

chalcogenide semiconductor materials as the absorber layer(s) as is or, alternately, in the
form of an alloy with other elements or even compounds like oxides, nitrides and carbides,
among others. chalcogenide (both single and mixed) semiconductors have optical band gaps
well within the terrestrial solar spectrum, and hence, can be used as photon absorbers in thin
film based solar cells to generate electron hole pairs and convert light energy to usable
electrical energy.

[0003] Physical vapor deposition (PVD) based processes, and particularly sputter based
deposition processes, have conventionally been utilized for high volume manufacturing of
such thin film layers with high throughput and yield. These thin film layers can be deposited

by the sputtering (in the form of reactive/non-reactive or co-sputtering) of high purity sputter

targets.

BRIEF DESCRIPTION OF THE DRAWINGS
[0004] Figure 1 shows an equilibrium Cu-Se phase diagram.

[0005] Figure 2 shows an equilibrium Cu-S phase diagram.

[0006] Figures 3A-3D illustrate example methods of annealing.

[0007] Figures 4A-4C illustrate alternate step-wise example methods of annealing.
[

0008] Figure 5 illustrates an example plot of X-ray diffraction data.



[0007] Figures 4A-4C illustrate alternate step-w se exanpl e nethods of
annealing. [0008] Figure 5 illustrates an exanple plot of X-ray diffraction
data. WOVOGMMYWEES70PCT/ US2010/ 057980 DESCRI PTI ON OF ERAVMISEOIHSEL VENTS
[0009] Particular enbodinents of the present disclosure relate to the use
of annw Sbers for photovol taic devices.
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25 been easy to achieve. Se and S have low vapor pressures and, thus, can escape from Cu and

In layers during annealing or deposition at high process temperatures. In CuSe and CuS
layers, this generally results in an increase in the Cu/Se or Cu/S ratios, respectively, as well
as an increase in the melting point of these layers. By way of example, as shown in the
equilibrium Cu-Se phase diagram of Figure 1, the Cu,Se material has a melting point over
30 twice that of Cu.Sey (where x is greater than or equal to approximately 0.53). Similarly, as
shown in the equilibrium Cu-S phase diagram of Figure 2, the Cu, S material also has a
much higher melting temperature than Cu;Sx (where x is greater than or equal to
approximately 0.5). Loss of Se and S in CIGS layers can result in the presence of Se and S

vacancies in the resultant absorber layers than can diminish the electrical performance of



these CI GS absorbers. Additionally, the loss of Se and S can induce the
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in particular embodiments, x<0.7, 0<y<l, 0<z<l, N<100) multilayers. In particular
embodiments, the thickness of each layer in the multilayer structure may range from 0 to 4
pum while the total thickness of the N layer structure is less than approximately 8 pm. By
way of example, the following layer structures may be used for the subsequent annealing

25  process of particular embodiments:
a) [Cu (0.15-0.5 pum thickness)/In;.xGay (0.3-1.1 pum thickness)n/Se;.yS,(0.6-
4.0 um thickness),
b) Cu (0.15-0.5 um thickness)/In;xGax (0.3-1.1 um thickness)/Se;.y.SyTe;,
(0.6-4.0 pum thickness),

30 ¢) [In;xGay (0.3-1.1um thickness)/Cu (0.15-0.5um thickness)Jn/Sei.ySy(0.6-
4.0 um thickness),
d) In; «Gay (0.3-1.1pm thickness)/Cu (0.15-0.5um thickness)/Se;.y..S,Te; (0.6-
4.0 pm thickness),



f) Ini_xGax (0.25-1.0 jimthickness)/Cu (0.15-0.5 pmthickness)/Ini, Gax
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than approximately 8 um. By way of example, following layer structures may be used for the
subsequent annealing process of particular embodiments:
15 a) [(InxGaa(SerySy)a (0.5-2.5um  thickness)/Cupp(SerySy)p  (0.3-2um
thickness)]n,
b) (InixGaha(Sery--SyTe,)q (0.5-2.5um thickness)/Cuyg(Sery.-SyTe,)p (0.3
2um thickness),
¢) (InxGara(SeryzSyTez)e  (0.45-2.25um thickness)/Cuy.p(Se1y.2SyTez)p
20 (0.3-2pum thickness)/(In.xGax)r«(Sery.2SyTe,)q (0.05-0.25um thickness),
d) (InxGaxra(SeryzSyTez)e (0.45-2.25um  thickness, Ga concentration
0.2¢x¢0.5)/Cuy.p(Sery--SyTe,)p (0.3-2pm thickness)/(In1xGax)ro(Sery2SyTez)q
(0.05-0.25um thickness, Ga concentration 0.1¢x<0.3),
e) [(InxGaxha(SerySy)a (0.45-2.25um  thickness, Ga concentration
25 0.2¢x¢0.5)/Cur.p(Se1ySy)p  (0.3-2pum  thickness)/(In1.xGax)ro(SerySy)e  (0.05-
0.25um thickness, Ga concentration 0.1¢x<0.3)]n.
[0016] The third example multilayer structure comprises Cug(Ini.xGax)p(Sery--SyTez)1-op.
(where, in particular embodiments, 0.1¢0<0.4, 0.1¢<$<0.4, a+f<0.7, x¢0.7, 0<y<1, 0<z<1) layer
(for 0.5«x+B<0.7 the layer is annealed in the presence of H,S and/or HySe). In particular

30  embodiments, the thickness of the layer can range from 0.8 to 8 pm. By way of example,

following layer structures may be used for the subsequent annealing process of particular



(where, in particular enbodinents, 0.1licci0.4, 0.1if3i0.4, a+13K0.7, xKO.7,
Ky-K1 , Ozil) layer (for 0.5<a+13.i0.7 the layer is annealed in the
presence WP 2PPY66HA/ or H2Se). In particul ar 30 enbodi meREI/USRHEOFBEkness
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0<z<1, total concentration of Cu, In + Ga, and Se+S+Te across all N layers should not exceed
30 at. %, 30 at. % and 70 at. %, respectively and total number of layers N<100). In particular
embodiments, the thickness of each layer in the multilayer structure may range from 0 to 6

15  um while the total thickness of the N layer structure is less than approximately 8 pm. By
way of example, following layer structures may be used for the subsequent annealing process
of particular embodiments:

a) Cug(In;«Gay)p(SerySy)i—a-p (0.18¢01£0.25, 0.2¢B<0.28, a+p<0.5, 0.2¢x<0.5,

O<y<l)  (0.3-2pum  thickness)/Cua(IniGax)p(Se1ySy)i-a-p  (0.18¢0¢0.25,
20 0.2¢B<0.28, a+P<0.5, 01¢x<0.3, 0¢y<l) (0.3-2um thickness)/Cuq(In:.

<Ga)p(Se1ySy)10p (0180025, 0.2¢B<0.28, a+pe0.5, 0<x<0.25, Oy<l) (03-

2um thickness),

b)  Cua(InuGas(SeLyzSyTe)iop (018¢a<0.25, 0.2¢P<0.28, a+p0S5,

0.2¢x<0.5, 0¢y<l, z£0.1) (0.3-2pm thickness)/Cuq(Im.xGay)p(Sery-2SyTez)1-a-p

25 (018¢c<0.25, 0.2¢B<0.28, 0+<05, 0.1¢x<03, 0¢y<l, z<01) (0.3-2um

thickness)/Cuq(In;.xGax)p(Sery-zSyTez)1-o-p (0.18<a<0.25, 0.2¢40.28,
a+p<0.5,0¢x<0.25, 0¢y<l, z<0.1) (0.3-2um thickness).
[0018] In particular embodiments, the multilayer structures described above may be
deposited (e.g., by conventional sputtering or magnetron sputtering) in vacuum or in an

30  atmosphere that consists of or includes at least one of the following gases: Ar, H, Nj, O,

H,S, and H,Se. In particular embodiments, one or more of the layers of the multilayer

structures described above may be doped (e.g., up to approximately 4 atomic percent (atomic
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(I'ni X%Hm%n%e |1gymth%>p¥@563@d | B¢ e 6t EuchRYs, eianfosdl roomu@ntmmpqsfr@mmmgef thag0
atomc % of at least one of the follow ng el enents: quﬁ Cu, Zn,

Z;r{) Slb thevvtal Repcdatatien of ﬂl’aand/\ﬁaRéle layers pay bagtcheg (c. énd‘S‘Bﬁ fﬁé?‘ﬁb‘&& ar
enbodi
appr oxi %f lflhaﬁﬁs()ﬁ’?% )BS% n[t aﬁ%gg}@ %ﬁggg%/sﬁg'?ﬁe fo ‘?%ﬁ Hasléﬁ)e‘;;r,rlgrclkt1 glayAl

be detrimental for CIGS performance.

15 [0019] In particular embodiments, all of the layers described above, except Sei.y..SyTe,, may
be deposited by magnetron sputtering. In particular embodiments, the Sej.y-S,Te, may be
deposited using thermal evaporation techniques. In particular embodiments, Cu, In;xGay,
(In; xGay)1-o(Se1-y-2SyTez)os Cuyp(SetyzSyTe,)p, and Cug(In;xGay)p(Seiy-2SyTes)y layers may
be deposited over either non-heated substrates or over substrates that have been pre-heated to

20  temperatures up to, by way of example, 12 degrees Celsius. By way of example, the
following substrate temperature conditions may be used during the sputtering of Cu, In;,Gay,
(In;xGay)i-a(Sei.y-zSyTer)as Cuyp(Ser.yzSyTe)p, and Cug(In; xGay)p(Se1y-2SyTe,)y layers:

a) The substrate temperature is kept below approximately 200 degrees Celsius during
layer deposition to minimize the evaporation of S, Se, and Te from the deposited

25 multilayer stack,

b) The substrate temperature is first kept below approximately 200 degrees Celsius for
sputtering at least one of the layers and then is subsequently increased to temperatures
between, by way of example, 200 degrees Celsius and 600 degrees Celsius for
sputtering the remaining layers (e.g., (In; xGay)1-o(Se1yzSyTer)o 18 deposited at

30 approximately 200 degrees Celsius and then Cuy-p(Sey.yzSyTe,)p is deposited over

(In1Gay)1-o(Se1y-2SyTe,)q at a temperature of approximately 550 degrees Celsius,
c¢) The substrate temperature is kept between approximately 200 and 400 degrees Celsius

during layer deposition,



10 Si, Ti, V, Zn, Zr, Nb, M, Ru, Pd, Sn, Ta, W Re, Ir, Pt, Au, Pb, and
Bi. In particular enbodinents, if, in the proposed |ayer structures, the
total con¥@HAPHA of Cu is larger than the total conc®RTASEIGNSEBO | n and
Ga, the layers may be etched (e.g., using KCN for etchi ng Cu-rich phases)
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10 zS)pf‘fqé’?faglyain E‘gg %E e(f%m&ep?frt nﬂé{ éqmr u(rjéeégspféfgks( %@a%eﬁulg&ﬁand

then (ImGex) 'vﬁth(ast%hlp}éraﬁ% T8 ratd GncleRRShiePef @YEN)/ (1;-ty) followed by a decrease
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25  More specifically, as shown in Figure 3B, the ramp rate usually decreases at higher
temperatures and the cooling rate is usually faster at higher temperatures. However, for some
cases, a linear temperature dependence is assumed for simplicity reasons. Continuing with
the example annealing process shown in Figure 3C, the temperature of the multilayer
structure is first increased from Ty to T with a temperature ramp rate of (T1-To)/(ti-to). The
30 temperature of the multilayer structure is then kept at approximately Ty for a time t,-t; before
subsequently reducing the temperature to To with a cooling rate of (To-T1)/(t3-t2). Finally, in

the example annealing process shown in Figure 3D, the multilayer structure is first preheated

to a temperature T; before increasing the temperature of the multilayer structure from T to



15 halogen lanp or a laser, as well as additionally or alternately, using
resistive heaters. The heating may be effected either directly onto the

surface oVOZRB/tA7Pi | ayer thin filmstructure or by wayP6T/USRHOHETRO
substrate. By way of exanple, Figures 3A-3D illustrate various nethods of
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2) The nultilayer structure is heated with a heating ranp rate exceeding 1
degree Cel sius per second to a highest tenperature bel ow approxi mately
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20 Celsius.

7) The multilayer structure is first pre-heated to a temperature below
approximately 400 degrees Celsius, then heated with a heating ramp rate
exceeding 1 degree Celsius per second to a highest temperature below
approximately 1200 degrees Celsius, then kept at this temperature for less

25 than 60 minutes, then cooled at a cooling rate exceeding 0.1 degree Celsius
per second to a temperature below approximately 600 degrees Celsius,
then kept at this temperature for less than 60 minutes, then cooled with a
cooling rate exceeding 0.1 Celsius per second to a temperature below 300
degrees Celsius.

30 8) The multilayer structure is first pre-heated to a temperature below
approximately 400 degrees Celsius, then heated with a heating ramp rate
exceeding 1 degree Celsius per second to a highest temperature below
approximately 650 degrees Celsius, then kept at this temperature for less

than 60 minutes, then cooled at a cooling rate exceeding 0.1 degree Celsius



25 than 60 minutes, then cooled at a cooling rate exceeding 0.1 degree
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at nosphere at approxi mately 15500 degrees Cel siuys, In gne experinent, the
t ot al @@ﬁwgn@tpgrp -is epptiered ipdhg Iér§§ﬂn€%19§a FRAFEYY Ig%se?tm&sl? % ﬂ@gp{ﬁéémzﬂfb%’her
thé}ﬁ t 'B%bggéreéé‘céﬁﬁl‘é.' ?ﬂ&%é eltipx‘éntf, ﬁfeq?i%l &ﬂnﬂﬁit@ﬂ%f‘@iﬁ%% lieE‘ulﬁa%_f‘j unction
wi th CQul'nSZ2> By way of exanple, as Illustrated in Figure 5, which plots
X-ray dhiilfitaget stortudatvas higher thes that affiiin resulting iaytke fosmation of €uSpleases ithe

or e o LGS ERILL 5,215 P8, SHSRHLE AR GIARL M fphcaly S,
The chafigoRNEA 12 Ghd flshittht Ayl AS8-AcHIRYsha QR Shefolvatish dfvhelcapyritact i ve for
hi gh efficiency Cl GS based phot (Bvol taic cells. This nultilayer gtructure
ordered (signature peak (110) at 17.8”) and CuAu ordered (signature peak (001) at 167)
20  Culn$; phases in the film structure. The chalcopyrite ordering of CulnSe; may generally be
more attractive for high efficiency CIGS based photovoltaic cells. This multilayer structure
may then be annealed with, by way of example, a halogen lamp at a heating ramp rate of
approximately 3 degrees Celsius per second to a maximum annealing temperature of
approximately 550 degrees Celsius and with an annealing time at the maximum annealing
25  temperature of approximately 2 minutes. In one experiment, after such annealing of this
multilayer structure, the majority of the CuAu phase was transformed into a chalcopyrite
phase. This is evidenced by the X-ray spectra of Figure 5, which shows a reduction in the
intensity of the CuAu-ordering peak (peak (001) at 16" and an increase of the intensity of the
chalcopyrite peak (peak (110) at 17.8%). Additionally, the experiment demonstrated that the
30 majority of the CuS phase evaporated from the film structure. As those of skill in the art may
appreciate, CuS is highly conductive and, hence, its presence in CIGS absorbers is
detrimental to the performance of photovoltaic cells. Thus, annealing in accordance to
particular embodiments described above, can improve the ordering in CulnS; (as well as in

CulnSe,) and, furthermore, remove the CuS phase from the film, both of which improve the

10
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t he WOt20bpOGHBTORCET uBee::0/T0S Mosdlagersiuetyreyhay then bF elahaior grofing fatg

phot ovol tai,c cell..[002 As an er exanmpl e, -a.(Jni / Se (where
X is | &§ECHgRpgiox ﬂgﬁyﬂ'bd%ﬁ?ﬁﬁqﬁﬁ %elrfé%.na) Tﬁulsl atn?lkaéf;lg% gs%?%%ta %\rﬂé may be
spypt engdodbed 8 HRRLAbIPhEE thalcousiappr axeavabed of HEArdNgTess akdeHsSeus hef ol | oved
by annealing under the follow ng conditions. S5First, the multilayer

st r uct geepiessubermes de wn impertan ppyamstes 2ok mer 8F varied eyr BewvesPseis e Esecond
t i l, { t i Cel si us.
0 a %a{@%u%%@%g 1579a! fIRE E\?ﬁ%ﬁﬁ&ﬁ&ﬁh&ﬁl&?g)@éﬁ ke ?[ln}'f(%?( Stg GO0,8ES St us

The nmult yer structure may at approxrm e maxi mum
t enper atwfiRyéQstrub@ssmal 88 argratedbeloat 600/debdeasiGrliesin vEqenmiirt ¢ss dyear30

t t th b | ed at | i t dj imtely 0.1
degr cesnicus fallowsd byes BRbn IeHiLeain i Eap HE-HROSRETHAV T8 Ber 1 or med i n
an; at Mgphay 6.pa%%rg&gélgﬁ§?&fse&;ndlt@@%&mﬁeﬁ@tu@( bel®v 360 de%%es d8sps.and H2Se.

The  gas pressure nmportant paraneter and may varied from by
way of [eocsiseanofliEr exanRade,(a@niing ). 3w/ CLSE, Bahere k inkessthemongstuel 9ar t i cul ar

exanple, the (Ini_ xGax).2Se3/ Cu2Se nultil ayer, structure e anneal ed
bel ow @enroaggfrgt%‘é{s“-‘é&‘@fi’é'e‘i IO EEG BY 6 SPSEed Fiepesglures b Oé“g fol | owed by
cool i ”ggi)%x BsiSly 408 ke PaeIRfus HolBRe @by RERARE CuiRer theCONbWiING coadi€ions,

!
15exce ng O0.1°degrees Celsius per second to a t,emierature bel ow 300
degr eeFiGkits msltilfye0 2B)cturs inhetddeyitos samp wmte exceeding X dagro SEBIBPSE2 (where x
is, less than or equ

T e oy
by anneahiiingeiiideiurd hay tigdnl RVHelDateapixihasly. thdinasimurh benpendttiel fayless
struet li}rlaen allp%rohx?r?ltat%?y X\(A) ;[nri]nu?esr. qfrHe): rﬁl?l%iﬁlygrxs%g%%rg r%agl' tl?e% re%%ole latsé lcjgolglegrrate
exceeding approximately 0.1 degrees Celsius per second to a temperature below
approximately 550 degrees Celsius. The multilayer structure may then be held at
25  approximately this temperature for less than 40 minutes followed by cooling at a cooling rate
exceeding 0.1 degrees Celsius per second to a temperature below approximately 300 degrees
Celsius. This annealing process may be performed in an atmosphere that consists of at least
one of He, Ar, Na, H,S, and H,Se. Again, the gas pressure may be an important parameter
and may be varied from, by way of example, 1E-8 Pa (vacuum) to 1E7 Pa. In an even more
30 particular example, the (In;.«Gay);Ses/CuSe; multilayer structure may be annealed below 600
degrees Celsius in vacuum for less than 30 minutes followed by cooling in vacuum to a
temperature below 550 degrees Celsius, then annealed at approximately this temperature for

less than 30 minutes in less than 14 Pa of a H,S atmosphere, followed by cooling at a cooling

rate exceeding 0.1 degrees Celsius per second to a temperature below 300 degrees Celsius.
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20 second to a maxi mum anneal i ng t enperature bel ow approxi mately 600

degrees Celsius. The nultilayer structure may then be held at approxi mately
t he maxi NM2PEMeE Mt ure for | ess than approxi mately 40 RCHHSEE0/0F1980
mul tilayer structure may then be cooled at a cooling rate exceeding

appr oxi ly 0.1 deqgrees | si u r.~second to a,te ratur el ow

appr oxi“ﬂ@t%il‘v @8%’6’6@%’?3’2% acégl“ﬁ%/;&g?{guﬁﬁﬂwgﬁ%ﬁlrs lesp ?@agltoﬁ reguaﬁﬁ(g t hen be
hel d atpRRaRRa DM LalMIal &l Srut@RPAEAbE hendaRk Uné&Sthe Ralowdfy tirditices. f ol | owed
by cooling at a cooling rate exceeding 0.1 degrees Cel sius per second to a

t enper &ingk eheehlbileyapprusiireris keried 300 aiegroats carasings! dagipsCalaNe&F ng process
may be perforned in a : | .St f , A,
&scopd 10 ﬁf?élfr@%agflﬁéaﬂgg gé}lgéle:gat%ﬁa\}elw Qﬁﬂré)tqﬁbggly 860 L&ASLs UGuOiTHE

N2, H2 ressur e nmay an 1 nportant paraneter

ands mayniiglayarsu@etufd @ay they bedyldodt appreriphaely e BaBmufveopeargurt forl&ss Pa. | n
an even nore 30particul ar exanple, .the gl nl_xGax% 28%3/ C@S@Z mul t.i | ayer
st r uct dad appiExEBatEAdmigtese 156 BoBlaye ghrueuTeenrs hea bF SOUSL ALATIPEIEEs t han

30 m ng%&?:ﬂfen 'aggwi %célyqpphé Qesi@%léﬁ%%@%&&xda&g%ﬁ?%é%ﬁk@li@%r@&‘és@%{&gdegrees

Cel siu nea at approxi mate his tenperature for |ess than 30
M nut edeiparfbessl inhantidspRereahataoidSs af atdepsheneqf HalAroled Iy andbbiSengndt a

cooling rate exceeding 0.1 degrees Cel sius per second.to.a te ure

bel ow 360c{0g e ERrOngbe & T Bas Rpe Besgs ot ban POBSLH A
angpher.,exaiaP| .8 1 (Viuuki¥as 1 BrPge/ CuSe2 (where x is less than or equal to
approxi matel'y 0.7) nultilayer structure may be anneal ed under the follow ng

condi t i[00R8] AS ansther exranpiella CdiyefSagBlwbeigrds less Heawsqaval tharpredmsichat e

exceedi 1 degree Cel sius,per_secan q aneald enperat ure

bel ow &g@ﬁ’&%lﬁgfreﬁ?vc%’ﬁ?)nﬁﬁag33%63%%usfli(aﬁgst?‘e%@éh%ﬁ| : ay'elrF11 Ig?}%ect ure nay

then b@mhﬁia[c}e@sttruaw RtichRE Qlith 4 AgpaKistueadigpéreata Cdsiloped sesmdtthan

approximately 40 mnutes. The nultilayer structure n@/ 1 heg be @ﬁol ed at a
lggs.p }Persné}

cool i ngnaximemesnsedizrignpg P PFew appropimately §P8 desres HE" Agai n,

thi,s anneal in QC j consi sts of
at ISeasg?ruatHEe lg?}pﬁgn %ﬁ@% ?Eﬁﬂg‘?’{aféﬁ% ﬁﬁ%g!é%qmgﬁldéa a%ﬂl,}gltf ﬁéégggislé pressure nay
be an igl {raftlyp@rmaimeteer Taa thultiyydatruanieaday thompe byoledgt aofooliog extanpl e,

1E-8 Pa (vacuun) to 1E7 Pa. [0028] As another exanpl.e, a | ni Gax (where
X is | execadigrppproxegatsly Q-bdagfﬁ%‘g‘?lﬁ% BESCEPDR) ARAT: IS 9Y eagﬁé Brcotcasrséglaﬁ'ay be

anneal dl WndGhed Mol hbMHeRAnGARALILL A% 1ok bl of MBS, HISIRM Fsseuad ure IS

heat ed "W anp rate ‘exceeding 1 degree Cel sius per second to a_maxinmum
anneal izagint Bepes plessuze bl beaapppotinrpermetdeod teybeegrickirgmy By WK et

mul tilayer 15structure may t be held at approxi mately the maxi num

t edfer SXaANBL éE'gl%’sé’a‘f t&dg?g)?i mately 40 mnutes. The nultil ayer

struct ypg, L AR NP EmE 0@k R 2 bhitet A b fimbeare xe&E®imigirapptlexi mately 0.1
degreelsibCeglIgl}{Ss pera1 srélcond. Agai n, thi snlggnneal i ng process . my be perforned

in an airodspibe tieetfhathecendipnt GIGS absprbersa dYlorgaeeroFhopigr angealinglimeH &8 5
vart ed FFBHLIBI VRSB T e i g YR bR e e Y P
[0030] Additionally, a number of process enhancements may also be implemented in
25  particular embodiments to minimize and/or compensate for chalcogenide depletion during
processing and/or annealing. By way of example, given the precise control that can be
achieved in the previously described process pathways, some embodiments may start off with
an excess of the chalcogenide in the absorber layer (in either elemental or compound forms)
such that the depletion that occurs during thermal processing is precisely accounted for and,
30 thus, the processing results in a CIGS absorber having the desired end stoichiometry. As
another example, some embodiments may include the simultaneous thermal processing of
two samples (two multilayer CIGS structures) positioned in contact (or in close proximity)
face-to-face with one another such that the evaporative losses of S, Se, and Te of each sample

are minimized due to the material confinement and local over-pressure that results.

12



[0029] In particular enbodi nents, shorter annealing tinmes are used to
mnimze the production tinme for the resultant CI GS absorbers. Mreover,
shorter aMASAIYUE3i nes, as descri bed above, can ni ni mi PETUROINYIEHHf S
Se, and Te in these absorbers [ 0030] Additionally, a nunber of process
enhanc S a

m ni m ﬁg/h NEY Sg{t Cgsr?g%sﬁl (% ‘%g) és?g%ﬁ é}}ﬁ%g& EdeSﬁH%t?O(rglrS] e&gﬁr ﬁlr)]%ge %&%&%@éﬁ ng
and/ or aﬁcﬂlﬁfbdiﬂcﬁgondiy) thayxmplemb@dhmengd heedin thhe a}pﬁfson ﬁevmg ntdiodry skifltincan be

achieved in th reV|ou lé qf &r @grocess BH} qne enbodlnqrts may
start E1‘9‘1”§’7\/‘r’V10H i Rg, PREICCEFEMEE %PHE S PR AYRASS ¢
ei t her cﬁelr%@? @E@étltﬁﬂ’lo&o%@ﬂf&QS aREfﬁ%br@ Yah ﬂﬁﬁcaﬁ15& ©ept @ia‘n‘i’%e that occurs

during thermal processing is precisely accounted for and Ot hus, the

pr ot es sinhgdimesstd heseinthat aQlea®ndtssmglvedinmaskilintthear seiuidepreprghetcoi chi onet ry.
As anot her exanpl e, sone enbodi nents may include the simultaneous thernal
processing of two sanples (two nultilayer CIGS structures) positioned in
contact (or in close proximty) face-to-face with one another such that the
evaporative |losses of S, Se, and Te of each sanple are m nim zed due to the
material confinenent and | ocal over-pressure that results. [0031] The
present disclosure enconpasses all changes, substitutions, variations,
alterations, and nodifications to the exanpl e enbodi nents herein that a
person having ordinary skill in the art would conprehend. Simlarly, where
appropriate, the appended cl ai ns enconpass all changes, substitutions,
variations, alterations, and nodifications to the exanple 5 enbodi nents
herein that a person having ordinary skill in the art woul d conprehend.
CLAIM5S What is clained is: 1. A nethod conprising: 5depositing one
or nore thin-filmlayers onto a substrate, at |east one of the thin-film

| ayers conprising at | east one electropositive material and at | east one of
the thin-filmlayers conprising at | east one chal cogen material suitable
for form ng a chal cogenide material with the electropositive material;
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anneal ing the one or nore deposited thin-filmlayers at an average heating
rate of or 10exceeding 1 degree Cel sius per second; and cool ing the

anneal ed WREIHY06pHPe thin-fil mlayers at an average cooPCRFSEHOESEBO or
exceeding 0.1 degrees Celsius per second. 2. The nmethod of claim 1l wherein

at |ea of the thin-filmlayers conprises 15[Cu/li.."GadN Sei _ySyTe,
(\/\/nerei%ﬁTS O<y<l, z<1l, N<100). 3. The nmethod of claim2 wherein

at | eawha@ngfneyhﬁ thin-filmlayers conprises up to approxi mately 20
atomc %of at |east one of the following elenents: A, Si, Ti, V, Zn, G,

Zr, Nb, Mo, Ru, Pd, In, Sn, Ta, W Re, Ir, Pt, Au, Pb, and Bi. 20 4.

The et hod f cI | east one of the thin-filmlayers
corrpri ses [ 1 npx ﬂ{]f&lox\?%hﬁllé}??SyTe ),,/Cul _p(Sepy., SyTez) pb (where xq).7,

u 9.8, p 0d&oshingtne oNniOhin-fikhJaytheomeh bﬁid;tmife afl ledstrode offthe diim-fidh | east

one of the thin-filmlayers conprises Cua X
(wher e ?ﬁeﬁccémrﬁm&ﬁi?@StPnRIfIQCYOIP%%‘fe matenél and at eagt gg @% P%%Ei‘zlﬁﬁ’ergl aim5

wher ei @om@?&pg ea irlésgn g gEﬁ'ﬁuat(é?iaszliaH@ fb@fb‘?ﬁndgsa &Qlc%@&ﬁ@é Rdrdria] SR

presence met hod of claim 2 wherein
at | eadte e(hﬂfnﬂaropbsiﬁ‘i?mmaﬂarml-fl | m | ayers corrprl ses

[ Cuc, (I npxG&a zSyT 1 f hI
NyK1 | anda‘i“%fragl %@h’@éﬁ ez% %?Poéf? %1}1“'% gﬁg{ars%éar?gﬁeaa% %ﬁ%l g(x fKos}s all N
| ay@r s dQeginpqtde gg{&@eqislg)sope@tsecoﬁ)h am0 at. %and 70 at. A), respectively and

a total nunber of |ayers NK100) 8. The method of claim 1l wherein
the one or noolngtthe aarfealechohapemorethin-fibm tayersed as ayarageseoeling rate of or

exceeding 0.1 degrees Celsius per second.

2. The method of claim 1 wherein at least one of the thin-film layers comprises

15 [Cuw/lnjxGax]n/Sery-2SyTe, (where x<0.7, 0<y<l, 0<z<1, N<100).

3. The method of claim 2 wherein at least one of the thin-film layers comprises
up to approximately 20 atomic % of at least one of the following elements: Al, Si, Ti, V, Zn,

Ga, Zr, Nb, Mo, Ru, Pd, In, Sn, Ta, W, Re, Ir, Pt, Au, Pb, and Bi.

20
4. The method of claim 1 wherein at least one of the thin-film layers comprises
[(In1xGax)ra(Sery.2SyTe,)o/Curp(Sery-SyTez)pn (where x<0.7, 2¢0.8, B<0.8, 0¢y<l, 0¢z<1,
N<100).
25 5. The method of claim 1 wherein at least one of the thin-film layers comprises

Cua(InixGax)p(Sery--SyTes) 1 -a-p, (Where 0.1¢t¢0.4, 0.1<f<0.4, a+B<0.7, x¢0.7, 0¢y<1, 0¢z<1)
layer.

6. The method of claim 5 wherein, for 0.5«+p<0.7, the thin-film layer is

30  annealed in the presence of H,S and/or HsSe.

7. The method of claim 2 wherein at least one of the thin-film layers comprises

[Cua(In1«Gax)p(Sery2SyTe,)1—o-pln, (Where for each layer Ocaicl, 0<B<1, x¢0.7, 0¢y<l, O¢z<l,
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9. The nethod of claim1l wherein the one or nore thin-filmlayers are

deposited in an atnosphere that consists of or includes at | east one of the
fol | owi ngVQ28B&66RP, H, N2, 02, H2S, and H2Se. 10 PCTS26I8@ST98¢ hod of
claiml1l wherein at | east one of the one or nore thin-filmlayers are doped

ith f. the f i : )
T M B R B0 cBgh AP bR afd SRR R B alifg lafrs Hoehor eBeccAd S0

t hi n-f at M, 36hayeisd TPl Kesecpively Aedt kagl iliebanelaers Mu1@0)leposi t ed
thin-filmlayers to a first tenperature, wherein the one or nore deposited
thin-filmlayers is heated to a second tenperature at the average heating

rate. 8 Thé fr%elﬁfb% d;gialh}gg \Qlflergilrlﬁlérbxge (W}ﬁ(?f@ I n SR - Qretdéﬁos‘?ﬂ%g or

nmore deposited thin ers Is performed in vacuum The
met hodirovacoliami m 1 wherei n annealing the one or nore deposited thin-film

| ayers is perfornmed in the presence of an atnosphere of gas. 2514. The

nmet hod of claim 1 wherein annealing the one or nore deposited thin-film

: 2&3{ Soinz 522 f or meg nehodas im0 hQUBAndMnARRGE HE-filH LRSS BleeRghGRdOf at

in an atmosphere that consists of or includes at least one of the following gases: Ar, H, N,
0,, H,S, and H,Se.
10
10.  The method of claim 1 wherein at least one of the one or more thin-film layers

are doped with at least one of the following elements: Na, P, K, N, B, As, and Sb.

11.  The method of claim 1 wherein annealing the one or more deposited thin-film
15 layers comprises pre-heating the one or more deposited thin-film layers to a first temperature,
wherein the one or more deposited thin-film layers is heated to a second temperature at the

average heating rate.

12.  The method of claim 1 wherein annealing the one or more deposited thin-film

20  layers is performed in vacuum.

13.  The method of claim 1 wherein annealing the one or more deposited thin-film

layers is performed in the presence of an atmosphere of gas.

25 14, The method of claim 1 wherein annealing the one or more deposited thin-film

layers is performed in vacuum followed by annealing in the presence of at least one gas.

15



