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across the p-n junction induces a separation of charge carriers that are created as result of
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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

20 based photovoltaic cells, such as solar cells, to generate electron-hole pairs and convert light

energy to usable electrical energy. More specifically, semiconducting chalcogenide films are

typically used as the absorber layers in such devices. A chalcogenide is a chemical

compound consisting of at least one chalcogen ion (group 16 (VIA) elements in the periodic

table, e.g., sulfur (S), selenium (Se), and tellurium (Te)) and at least one more electropositive

25  element. As those of skill in the art will appreciate, references to chalcogenides are generally

made in reference to sulfides, selenides, and tellurides. 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 such as oxides,

nitrides and carbides, among others. Physical vapor deposition (PVD) based processes, and

30  particularly sputter based deposition processes, have conventionally been utilized for high

volume manufacturing of such thin film layers with high throughput and yield.
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Figures 10A-10H show example absorber layer composition profiles.

20 DESCRIPTION OF EXAMPLE EMBODIMENTS

Particular embodiments of the present disclosure relate to the use of sputtering, and

more particularly magnetron sputtering, in forming absorber and/or buffer layers for
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photovoltaic devices (hereinafter also referred to as “photovoltaic cells,” “solar cells,” or
“solar devices”). In particular embodiments, magnetron sputtering is used in forming
25  chalcogenide absorber or buffer layers. Particular embodiments contemplate reducing the
energies of the particles (atoms) ejected from a sputter target during the sputter (sputtering)
process to improve the electronic quality of the deposited absorber or buffer layers. In
particular embodiments, energy reduction may be achieved during the sputtering process via
one or more of: reducing the discharge voltage, increasing the pressure of the sputtering gas
30 atmosphere, and increasing the distance between the source and substrate during the
sputtering process.  Various particular embodiments may utilize both elemental and
compound sputter sources (targets). Particular embodiments may also utilize a reactive

sputter process in the presence of at least one of H,S and H,Se for depositing CIGS, and

particularly Culn-(S,Se,Te) (e.g., Culn(S,Se,Te),), based absorber layers (hereinafter, Culn-
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o t ' t?ansparent layer 110. In this example solar cell design, light can enter the solar cell 100
from the top (through the protective transparent layer 110) or from the bottom (through the
transparent substrate 102). Figure 1B illustrates another example solar cell 120 that includes,
in overlying sequence, a non-transparent substrate (e.g., a metal, plastic, ceramic, or other

25  suitable non-transparent substrate) 122, a conductive layer 124, a conversion layer 126, a
transparent conductive layer 128, and a protective transparent layer 130. In this example
solar cell design, light can enter the solar cell 120 from the top (through the protective
transparent layer 130). Figure 1C illustrates another example solar cell 140 that includes, in
overlying sequence, a transparent substrate (e.g., a glass, plastic, or other suitable transparent

30  substrate) 142, a conductive layer 144, a conversion layer 146, a transparent conductive layer
148, and a protective transparent layer 150. In this example solar cell design, light can enter
the solar cell 140 from the top (through protective transparent layer 150). Figure 1D
illustrates yet another example solar cell 160 that includes, in overlying sequence, a

transparent substrate (e.g., a glass, plastic, or other suitable transparent substrate) 162,
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tungsten oxide (e.g., on€ or nore of
(e.g., ZnO), molybdenum oxide (e.g., one or more of Mo, MoO,, or MoO3), tantalum oxide

(e.g., one or more of TaO, TaO,, or Ta,Os), tungsten oxide (e.g., one or more of WO, or
WO3), indium oxide (e.g., one or more of InO or In;O3), magnesium oxide (e.g., MgO),
bismuth oxide (e.g., Bi,O3), copper oxide (e.g., CuO), vanadium oxide (e.g., one or more of
25 VO, VO,, V503, V,0s, or V30s), chromium oxide (e.g., one or more of CrO,, CrO;3, Cr,0s, or
Cr304), zirconium oxide (e.g., ZrOy), or yttrium oxide (e.g., Y203). Additionally, in various
embodiments, the oxide layer may be doped with one or more of a variety of suitable
elements or compounds. In one particular embodiment, each of the transparent conductive
layers 104, 108, 128, 148, or 164 may be comprised of ZnO doped with at least one of
30  aluminum oxide, titanium oxide, zirconium oxide, vanadium oxide, or tin oxide. In another
particular embodiment, each of the transparent conductive layers 104, 108, 128, 148, or 164
may be comprised of indium oxide doped with at least one of: aluminum oxide, titanium
oxide, zirconium oxide, vanadium oxide, or tin oxide. In another particular embodiment,

each of the transparent conductive layers 104, 108, 128, 148, or 164 may be a multi-layer
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silicon (Si), phosphorus (P), potassium (K), cesium (Cs), rubidium (Rb), sulfur (S), selenium
(Se), tellurium (Te), mercury (Hg), lead (Pb), bismuth (Bi), tin (Sn), antimony (Sb), or
germanium (Ge). In another particular embodiment, each of conductive layers 124, 144, or
168 may be formed of a Mo-based layer that contains Mo and at least one of: B, C, N, Na, Al,

25  Si, P, S, K, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, Se, Rb, Zr, Nb, Mo, Ru, Rh, Pd, Ag,
Cs, Hf, Ta, W, Re, Ir, Pt, Au, Hg, Pb, or Bi. In another particular embodiment, each of
conductive layers 124, 144, or 168 may be formed of a multi-layer structure comprised of an
amorphous layer, a face-centered cubic (fcc) or hexagonal close-packed (hep) interlayer, and
a Mo-based layer. In such an embodiment, the amorphous layer may be comprised of at least

30  one of: CrTi, CoTa, CrTa, CoW, or glass; the fcc or hep interlayer may be comprised of at
least one of: Al, Ni, Cu, Ru, Rh, Pd, Ag, Ir, Pt, Au, or Pb; and the Mo-based layer may be
comprised of at least one of Mo and at least one of: B, C, N, Na, Al, Si, P, S, K, Ti, V, Cr,
Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, Se, Rb, Zr, Nb, Mo, Ru, Rh, Pd, Ag, Cs, Hf, Ta, W, Re, Ir,
Pt, Au, Hg, Pb, or Bi.
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conversation efficiency of the absorbers in photovoltaic cells diminishing the output of the

cells.
Figure 2 illustrates an example sputtering chamber 200 in which an example
sputtering process is performed. In particular embodiments, the sputtering chamber 200 may
25  be used for magnetron sputtering. In the illustrated example, argon (Ar) (positive) ions 202a
strike the source (sputtering target, magnetron) 204 resulting in the ejection of target atoms
206 and electrons. The target atoms are then deposited as a thin film on substrate 208.
Ejected electrons stay trapped close to the surface of the magnetron due to the presence of the
magnetic field. The kinetic energy, Ex(atoms), and angle, o, at which the ejected target atoms
30 206 land on the substrate 208 (or on the thin film formed on the substrate by the target atoms
206 or previously deposited atoms) depend at least in part on the pressure, pa, of the
sputtering atmosphere (e.g., the pressure of the Ar) in sputtering chamber 200. More

particularly, if pa, is high, the subsequently cjected target atoms 206 undergo a greater
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have a lower probability of d1ffusmg back to their original equilibrium positions, and hence,
defects may be formed in the deposited film.

In particular embodiments, the energies of the ejected target atoms 206 that strike the

substrate 208 are intentionally reduced to obtain absorber or buffer layers with high

25  electronic quality; that is, for example, having a high photovoltaic efficiency for absorbing

sunlight and converting this solar irradiance into electrical free energy. In some particular

described embodiments, reference to a sputtering atmosphere is made with reference (o a

sputtering atmosphere of Ar atoms for simplification. However, it should be appreciated that

a wide variety of other sputtering gases may be additionally or alternately used in other

30 embodiments including, by way of example and not by way of limitation, one or more of:

helium (He), krypton (Kr), xenon (Xe), oxygen (e.g., in the form of dioxygen (O,)), nitrogen

(e.g., in the form of dinitrogen (N3)), hydrogen (H), hydrogen sulfide (H,S), hydrogen

selenide (H,Se), phosphorus trihydride (PH;), ammonia (NH3), and phosphorus pentoxide
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at the SHE, thdRistharBl vHitideelsehige HBEnerFRIRI AN 3f>osmve Ar ions 202a is larger
resulting in larger kinetic energy (Ex(Ar)) of Ar neutrals 202b and kinetic energy (Ex(atoms))

a

of ejected target atoms 206. In particular embodiments, the kinetic energy (Ex(atoms)) of the
atoms 206 that strike the substrate 208 is reduced by reducing the discharge voltage. In
particular embodiments, a lower discharge voltage may be achieved by exciting the plasma
25  during the sputtering process with radio frequency (RF) or current pulse power supplies.
Additionally, as sputtering in the presence of a reactive gas can increase the discharge
voltage, in particularly embodiments, the discharge voltage is further reduced by sputtering in

a sputtering atmosphere that includes a combination of reactive and inert gases.
The present inventors have also determined that absorber and buffer layers with high
30 electronic quality can be obtained with a DC power supply if the total sputtering pressure,
Drow, is sufficiently large. In general, a higher total pressure, pioi, in the sputtering chamber
200 increases the probability of collision between atoms, and particularly between: 1) ejected
target atoms 206, and 2) Ar neutrals 202b and Ar ions 202a in the chamber 200. The increase

in collision probability reduces the energy of the ejected target atoms 206 and reflected Ar



the electronic quality of the sputtered |layers, and particularly the
absorber and buffer |ayers, depends on: the discharge voltage; the total
gas presswoeoion7iste chanber, ptot; the anount of reacti PETFBE3000/06392E
sputtering chanber; the deposition rate (the deposition rate may be defi ned

as the nupher -ghy %a? Et?}lk% higd ?Jb@iﬁgte 908 (hens lt'llﬂﬁ A BrR&l o %Os@lgsti?’dé)% b @arget

increase I1n the thickness o e deposited | ayer per second)

di st ancetdmoid, Ipeewmbc@pbmtddh&zorsumwaatle: gad;atarhg. &ﬂ)plamdntmfasacvlw g@g@ on

t he subs rate géRe substrate i ture ascr |fbed

above, t®B°¢ 5Bt E‘ir’r’i‘ga 09 {&hpigs 18 r AR rogp Werﬁaﬁﬂe}%rf%eﬁs glr?l ’E”queél(? ty,

the enerrﬁbl@éﬂ&f oftrefctﬁzle %‘?ﬁ 8kht R ABber PAISEBIfEOtHe RAragfds loif iR djbfRebldhRt hidkg ar e
reduced. As illustrated in Figure 2, the discharge voltage accel erates

posi 6i ve&0Aras thesapoau Qfowaqatdvet E@S gbﬂﬁc@hazfmr 28P Jegermninxg2at derst s PritkBCt he

R b A e e b A N P

di schar gﬂlu‘éolhtpﬁﬂﬁ:ula‘i eh@b@ﬂaen’tsh&leenﬁiﬁ,@t ebreadtiviclpas pasereasee (tAbrelf@)BSncZ@EEmgl S
| arger resulting in Iawg ki netic _energy .(Ek(Ar)) of Ar neutral s 202b and
ki netic Méﬁwtlf(ﬂ@(adleé ipy obtheggnegiespl it getteditenirs 290%.20Pn parti cul ar

enbodi nent s, t ke
t he substrat eﬂjg)ggl%ilu[sl{?treleng)uc@%r %yy ﬁ%&@%‘ﬁg@% EﬁdR)t gﬁhéggg%g%%get ah%s 206 1s
par tlioc ulia¢cresset asl thvantas smﬁtehﬁg\lpl’essﬁrs,qd”bangeeaseé toagmntauythb same Iauléawedn@yhty
exciting the plasma dur [

thes utteri pro with radi o freguen
or curréﬁta%‘ﬂﬁ%%%\%‘rtds B‘FlSB'%St %Qegt‘g%%if 1ya es"aﬁiﬁ“ﬂ“b??ﬁ@divﬁ ggﬁé"ﬁ%é
pr esencesgg{terﬁ}eg n(%ﬁ%%V 80@AusCATo iRed 8 5E af;ﬂﬁ:agl@ﬁhﬁfagﬁalﬂ Qhd 3G cdriposition
parti cul odi nents, the discharge voltage is further reduced by

sput t er iinghd spuaelsﬁﬁltlmeflayﬂp)at nmospher e t hat | ncl udes a conbi nati on of

reactive and [ nert e esent inv hat
absorber and [BRPFEH V@PQI fslgﬁﬁl S@HrCSTt%éP fecdlaﬁré ?yé grécgeetsg({ bp grg‘rilsteda
withsa Rfe me&hs}uapéoumtmst hawtat alectscpwrgaratmﬁs ROESSUAE nepiA% 20:;15w1th Ar

sufficient In general, a higher total pressure, ptot, in
sputt er ilpgs é??@ntﬂg}erei@l@ ineEaasing dhe {ECCpPOlRBTatG dijtagee, doFqdusgsdhe Efé%lv%éﬁer

neut 2l DR hircrpftiodiod i the Hep EhAE Al B BB N AOORR 1400, AnH 2 A
col | i si on pr dpapdrticulyr emﬁumﬁ&ntsheh@wsgyolmfgei Wgi.ejrent éd atdg‘usgaeit tcatvarys tH206
and refl ect ed Arneutral s 202b that. s e su%éj g{/e 20 (gé}b%ge thin

film forredilianotthe taegtems d0hgerosits ?“ S‘%‘B Pﬂﬂ e
at ong, qgﬁgﬁ?%ld g/at,,sds, g 'ﬁ@%atl g%lté’é@ 1c@ft0 [RaGhLYRe 988 V\hﬂ') Jeﬂ%cﬁﬂ)‘“f&er I ng

chanber where’t he anoun reactive gas represents the nunber of

mol ecul escamble; dacwil ise)fghsspumetlhgcmbﬂnéﬂ@ dhs biaafvbbagesintrigascs ter mpeidityod! t he

e ected the gposnecs atoms 206 on the substrate surface 210. A high mobility of atoms 206 in the

deposited film is desired for obtaining absorber and buffer layers having high electronic

qualities. The role of the bias voltage is to accelerates positive ions toward the substrate 208.

25  These positive ions strike the deposited thin film increasing the defect density in the
deposited film.

In particular embodiments, the deposited layers may also be heated, such as by
heating the substrate 208, to increase the mobility of the deposited atoms 206. Increasing the
substrate temperature, Tgp, increases mobility and can improve crystal structure and increase

30  grain size in the deposited film. This can reduce defect densities and improve the electronic
qualities of absorber and buffer layers. The substrate temperature, Tqyp, is also an important
parameter in the formation of a desired chalcopyrite structure in Culn-based solar cells.

In general, the total sputtering gas pressure, p, in the chamber should be greater than

approximately 0.4 Pascals (Pa) (~3 mTorr) and the substrate temperature, Tgp, should be
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20  substrate distance, d, is less than approximately 3 cm, and if the deposition rate, DR, is
greater than approximately 5 nm/s, then the total gas pressure, p, in the chamber increased
to at least 1.3 Pa (10 mTorr) and the substrate temperature, Ty, is increased to at least 300
degrees Celsius. Additionally, in particular embodiments, if the source-to-substrate distance,
d, is less than approximately 3 cm, and if the deposition rate, DR, is greater than
25  approximately 5 nm/s, and if the applied bias voltage, Vpias, On the substrate is less than
approximately -300 Volts (the - minus indicates that the bias is negative with respect to the
sputtering chamber walls, hence, “less than approximately —300 Volts” refers to a negative
bias voltage having a magnitude larger than 300 (e.g., —350 Volts)), then the total gas
pressure, P, in the chamber is greater than 2 Pa (16 mTorr) and the substrate temperature,

30 Tsu, is higher than 300 degrees Celsius.
In particular embodiments, similar parameters may be used for sputtering the buffer
layers. However, when sputtering buffer layers, the substrate temperature, Tsyb, may be lower
than for sputtering the absorber layers, and is chosen to ensure that no undesired

diffusion/intermixing occurs.

10
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pressure

ptot, .in the chanber is at |east .0. ~2 mlorr
substratdetr@rrng%{rﬁr“elllng?Jﬁs PP e £EBE TGN ?yqre%l@t d° §apIPHEY ddélagl us.
However , e ﬁé%@q&ﬁfz@oﬁoﬁ %J%é’ﬂ?gb%mqjdy@ﬁ%créﬁm'tﬁe BB PerIITEj 2088 labahbe t o
use the paraneters outlined in Figure 3, which shows a table that includes

exanpl e lsgrsant Wbaﬁan@tgeerasfrftmn epueleioi In ¢ 0ab&of G (cpgrsively fprmeing pataskrr
e A 00F s o0 APl SHEE T SRLILUR 1y Mhe 1RABL GHAGHdNy nigEn, T ow

O a se aneters use duri 1 ng

sput t er i|Rgro hind@WhaRSR i efealcayiein. orldquiantl) ok ato em}@(dwmﬁtﬁ\&;ly &smiisg biffercase
for each set of parameters of Figure 3, the total sputterin fl essure
ptT oi ,) i ayasgtOdhakberrticylag emhpdimentiaat aprai teihe phsabes 1@?&%%()2 §§ 154
mror r S t el
300 dbgr BastEE L MRS WP IRGRALAE sl bndte (b ‘95‘%&%%%?829%@?5@% at e
di stl@anceil,sd, AlsholugB Fighan IBuSIﬂ'aitestthl@buﬂfdﬂéa)te(Di 404 gabelpg éssed @verpnhotab%qrhert he
chanber |s increased to at |east 0.

t enper atlay®s 44 (reftive Lo thecudslsals) ﬂtoa%éfnai gnT(g z‘té %E%b%(gg?rs]ggqs]%r Fnay

enbodi Mt Rysitiohed Hfer SaPAFIL: IQRSAMe, DR is greater than 5 nni's, then the
total gas pressure, ptot, in'the chanber is at least 0.7 Pa (5 mTorr) and

t he substrat dntmmqumlatamlﬂ)duiﬁ@wb eack df by ebsoebrtlayeas 40ehét 4@2)031@«3@%@@?

Cel si us. articul ar _enbod the .s urcer subst t d,
is less 1 H@ng’ﬁ%ﬁn@}?l e 3 f}:r%nnoéﬁgy’l i P%C@ 8%1 C|?1§r?ntrSS bl e%BRJ) i E’sslfqghféeat er
t han sappibexbBBIaQb 402N7h K024 hﬁﬂeﬁo@i@ed o alsugsaﬁatep(eegswb@cratetzme gehﬂral feand
chanmber increased to at |least 1.3 élo mTor@é and the substr

t enper atmgte, pamigulasly, pae PW@%%W% 13¢. 142ast | @0 dhai bt bees R‘Z%Y‘@‘ilsu)é heated to
At Pk PorRRL L Y SR Broydda LRI RONEEER K SUD O Bk Eeular

di st ance, SRppr oxi rra e the deposition rate
DR is gernetﬂidﬁﬁeﬁté]aa obfapf hxidesitel cyyﬁalrm’bswreamm-f:orttMelr@mbhorbdr byas 402)h1teage

Vb2 Oele SUDSLIALE LS cos e aporox il a0p Volts, (e o s
\Q?lals Vorl:tglgtg]cgtl aé\ﬁ%l%&ﬁ&@??&ﬁﬂl%%%ﬁﬂibﬁpQdy%/ﬁl)ét@"aré%ﬁfleﬁi b sputhed t'viéﬁ
t he t ot ahagp@soprspsiering) (gﬂo{cpntamxmg1?éaycrsamd?gmpewvg}ge%ﬁbw ﬁﬁ@lrdegreteg) e!LS@ES o
mrorr) afgﬂoxgvgc? b)§ gct))sst:[s;r)l?tt[eei: atﬁrei\ 1%rg %% Hlesé layers at temperatures above 300 degrees Celsius.
In such an embodiment, the composition profile across the absorber layers 402 is difficult to
control as the composition profile across the absorber layers may change after annealing.

25  However, by annealing the absorber layers 402 in very short time scales composition profile
changes across the absorber layers may be inhibited or prevented. In another particular
embodiment, the absorber layers 402 are sputtered (e.g., with magnetron sputtering) on a
substrate (e.g., substrate 102, 122, 142, or 162) that has been previously heated to
temperatures above 300 degrees Celsius. In this embodiment, the desired crystal structure

30 may be produced during the sputtering of the absorber layers 402. This embodiment also
enables much more precise control of the composition profile across the absorber layers 402.
Controlling the composition profile across the absorber layers 402 is important for
maximizing the efficiency of the conversion of solar irradiance into electrical free energy.

In particular embodiments, Culn(S,Se), absorber layers 402 may be formed by
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Tsub, is higher than 300 degrees Celsius. In particular enbodi nents,
simlar paraneters nmay be used for sputtering the buffer |ayers. However,
when sputwennrg7sriif er | ayers, the substrate tenperatur @CTASR00/068yRY be

| ower than for sputtering the absorber |ayers, and is chosen to ensure that

no undesjred. di ffusion/j %] g A . th
conver si SBH&frgl e(F & i%,ne{{g% %u%éhg)gcr? g’ﬁ)%géé 5@2(:%@%”%%1'5@ gg tegl?j%gaﬁmlegg]g% gfr(l)g o(ra
mor e absRpRes deRysr SBpndy afexamplpaeClinfS &), himyeres lokr opydsi foendbpsing a

Figure 4 i1llustrates an exanpl e conversion | ayer 40 h i j f
a][\ O\é_er |tgreplg SetEef it SOBTIINCS 'ug}ﬁ§f$ﬁ)2ab§‘ér%’é’?;he¥a?§/‘é’?’§%( Mé’él‘ig ?’@Th@siﬁnger
of adja e a Ny h 4027
Co 400" %?(Q:%P%gﬁa&%@eﬁg/i ]ﬁ%f}fm%ﬁgﬁgrgg@oﬁ[?%g tar St HoBRLE N thAN 8o B see A S&)0 ahl

er layer 402), adjacent to m adjacent
buf f 6r |1Gy81Se).( Meud embadimkhetsnietfernddér Scljjaoitics bedekeary [faryde Jomadiontdr e m

is greater than or equal. . 1). 404/ to 404 collectively form.ng buffer
I4832/(7ar 4(?§§l.°°$9{’“1féraﬁ giﬂcé’lgf’é g%%ld/l ¢ ?Spé’?te%g% S%‘H(%esofﬁ?%eéve&bbsog} gélp EIIIS§yers
: t 0 ARRadis SRPSHRIREinkMhd SR1BRES Broesss AfsuftirgPYts &fd gddicias pheis,sehat
i ncl udes atallzyastb%ne of ngi S gﬁld Ilg%g AISt hsguén%nFi gure 4 illust rg{(es ?he

bﬁfferbw@y(ebsr Aayerasthpeihage f lspnebanvdssiredheconeispiar albgiensy. 40 (Reiatdrve to
t he substrate it _alternate embodi , , 1 ..be
posi ti oneérbb O((}Ué g HR 1%1u11g?tgﬁﬁllsd9§§$gmngﬁf}5§nontsgo?ttﬁgéf?%)?&{er%%fﬁg%/f&z"r(?;’%ﬁ of
t he 1absapbesred Q¥ 8r, sustp2dnd of 402 afoasraertdvpes itirgets sl agspuEghe: nomsphart tikati ng.
Addi t i onal Ig, in particular enbodi nrents, at |east one of the absorher

| ayers 4oglpdescatglggst ang rgepiysi gasdansh partisyaay.r He of éﬂée Bs BSAEE 1908 2
gener al l%%uﬁﬁfdurﬁm&d%%l'ycdfl s%?’ Se Qﬁ'dah@x{)ceshﬁgﬁlrta{iﬁrt}%toga@ 2, antiZ%s colfedt 11Pthel62)
t hat has 'been previous heated to a substrate tenperature, Tsi,b, greater
t han appfepxditedtieyeys 300 ed bgrexesipee U8 iammiclperg@at kit irhproviegisbd lighintagyersion

obt ain tegg desi rfed C{/‘ﬁ t§l structure, Culn-containing absorber |ayers 402
are heatacieRqyPiisuch ]gsﬁl( 82 308PF AR St 0 a tenperature above 300 degrees

Cel gisus. | n QR&|PRLE EMRAIMETDAFIaFBALs wilklh ArchQik RiyNTNES ARSOFRE laybiadarte 402
are formed by sputtering (via magnetron sputtering) Culn-containing |ayers

at t enperbétinedelsy fyeltonnBolomdeig weset Sauredsus.gf. 61U @wviad rbijic persencsiprsgpticring

anneal i ng_of .these layers.at ;tenperatures abov I ' Lin
Slch an ErEuUETers o5 HE FEShpdhFTeh prirro-Bt aredlR e HaEs: BB Slifeur 0,
is diffiguld it Qs&ofk TmiAg abfigb&asnasict lgorspsofilnebaaet asdsar ¢die. absachein
| ayers may change after annealing. However, b%( anneal i ng the ab?orber

1

| ayers 4Bgtiquiaresrodinetts, teTgvk sewassedscd omslsapsiiing (pisppyed absorber layers 302
20  may contain Cu and In and at least at least one of: B, C, N, Na, Al. 51, P, 5, K, Ti, V, Cr, Mn,
Fe, Co, Ni, Cu, Zn, Ga, Ge, Se, Rb, Zr, Nb, Mo, Ru, Rh, Pd, Ag, Cs, Hf, Ta, W, Re, Ir. Pt,

Au, Hg, Pb, Bi, and Cd.
Figure 5 illustrates, more particularly, an absorber layer 402 that is comprised of an
overlying sequence of i absorber layers 506 (where i is the number of absorber layers of type
25 506 and where i is greater than or equal to 1 and less than or equal to 100) 5067 to 506/, ;
absorber layers 508 (where j is the number of absorber layers of type 508 and where j is
greater than or equal to 0 and less than or equal to 100) 508/ to 508/, and k absorber layers
510 (where k is the number of absorber layers of type 510 and where & is greater than or
equal to 0 and less than or equal to 100) 510/ to 510k. Thus, the total number of absorber
30  layers in this embodiment is n, where n =i +j + k. In one particular embodiment, each of the
absorber layers 506/ to 506i, 5087 to 508/, and 510/ to 510k is sputter deposited from the
respective sputter source materials shown in Table 2 illustrated in Figure 6. In particular

embodiments, at least one of these layers is sputtered at a temperature above 300 degrees

Celsius. As described above, one or more of these layers may also be sputtered in the
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changes across the absorber |ayers may be inhibited or prevented. In

anot her particul ar enbodi nent, the absorber |ayers 402 are sputtered (e.g.,
wi t h nagrneonon/emrut eri ng) on a substrate (e.g., substraCceuke@odd2; 142,
or 162) that has been previously heated to tenperatures above 300 degrees

Cel si us., d@ndnLe oﬁéﬁap%]g}?teﬁ H5MddaRd faddid S ahd Serdigicleney mayhdespraguced

during gﬁe sputtering o e absorber |ayers 402. This enbodi nent al so
enabl es absmrbemfdms. preci se control of the conposition profile across the

absorber | ayers 402. nt.rolling t C sition i :

absor ber | ang:f?‘nﬁ v ?&?4’!’5’8?? S?ﬁc‘l‘ ?tlc}?‘e r?gg(q%ﬁ?rzlla e ﬁéemeof %@é@?g?ﬁ 05120@5 ad
conver sisq0; @ 5 500 i8kpitict ABHARANEE frofi Be dspedtive @phitdr keerce narugials showpan Thidal ar
enbodi ments, Cul n(Sl,3 Se) 2 absorber |ayers 402 may be fornmed bysputtering

(e. g5, rafhstraio isptigweré ml)crepiporsddLouril deresi Grlaiuat SURsapEPEY (hes
above 300 degrees | i . Se) Or ayer
may be fagls?fg% @%‘frﬁgf %g?nérgrgeg?a% stou ecrgtfu{eﬁ;dt%gg%)%g ?gggé%é}?ﬁ‘?g %8?%&9@6%53 her
exanpl e,mér8 2 &ede) Smbodimen(sSihSehnedisigribeerforaedra tetfRramyes ibo¥ofifedeansisng

target sources that caonprise In2(S Sc) and Cu(S Se). In ch,enbodi ts,
t hegS_ arferlBps. S Qféﬁiﬁeﬁt@l}g@‘é@ tﬁ’é’t’:@é(g’é’F‘i/O% @Fsetd’ﬁiéer§ Eﬂa%ﬁﬂslool?‘? Sé’fsl%%%rﬁgllag%%i?g@ ssar e
suppl i eqp(?lller Ldn¥e HF O 560t R, 8 anll 21,9810 SR S&Rd JdAWE¥RAcy ROMB réaupad Se

can easily evaporate during the sputtering process resulting in S and Se
def i10i endbs@btmilBisSe) ? absorber | ayers that have | ess than desired

conversation efficiepcy. In_partjcul.ar enbodinents, to mtigate this
problem at I'd8¥f %ﬁ@u%ﬁmeﬁkﬁﬁ%s’or@ﬁhli%’? sexﬁﬁﬁge f%uttfbfpuricgrg%ﬁ?%]gragg
(e.9., YO8 QuRibit fe &cOhneTRA O 1&e8Ll®)/ iond@ns PBLfRF inygrsat(Mspher e
that includes at | east one reactive gas, and particularly, H2S or H2Se.

These gadém pepiedermed bsingapitieringl inf pacEaPy MALHETE sHACERL. ASFREHEE,

mai ntai n,the total nd Se gontent, | . depasi r , 1
exanpl e,abﬁﬁe’acfrora(ﬁ%m%[gs'célrsﬁnga% mﬁ%rl)rbgw g%&t%ﬁg)%l i%gﬁlﬁglok%?sal%gﬁﬁgﬁ?ia(t:(lgrglr({cy of
such5Cullp(c® dBpdAtiahssr Hpther ayRdlde photesd. t &t patteularbododienns, onelarmael dfs
with a high quality CulnS absorber |ayer can be ohtai gq%d b%:f sfpl&tgri(gg

el enent dlulfcafaysts rieet4peingividyally g copgetivisiv (RtR @5 SR80 Ola Adpfitt 8% ng
at mosph f : ege. d ey A exeBRALABRE hor@bf be@§t one
corrpoungf(golﬁ’r %igl?g{?%%g%%qo(}nlé%\gf% %eg dégrseg?%%r\& r&Leéf I?lgr "layers O(l)f Cul n- based
sol ar cdhyss 404/ ®Ukm may partsi oulCarlagmidogédreith st leastrapetof SHUP cAs Sms BdAln

depositing Cul n-based absorber |ayers 302 may contain Cu and In and at
| east atC$&@dt one of: B, C, N, Na, Al, Si, P, S, K Ti, V, O, M, Fe, Co,

N Qo Zn, Gap faficuf® enfBBdinfdnts, P obty hiB effiRioncPdolalgelfss tHfCu dantd ilRehel 1.

" absorber layer 402 in the region 820 (illustrated in Figure 8) proximal to the interface 822
between the absorber layer 402 and buffer layer 404 is less than approximately 30 atomic
percent (at. %). In particular embodiments, the thickness of interface region 820 is in the
range of approximately 100 A (Angstroms) to 0.5 pm (microns).

25 Figures 9A-9H show example composition profiles for absorber layers in accordance
with particular embodiments obtained using sputter deposition where at least one of the
layers is heated above 300 degrees Celsius during its deposition. More particularly, Figure
9A illustrates a composition profile of an absorber layer 402 where the vertical axis
represents the atomic percent of Cu. The horizontal axis indicates the thickness of particular

30  regions (regions 820, 824, and 826 from Figure 8) of the absorber layer 402 for which the
atomic percent composition is specified. Absorber layer region 820 is the region of the

absorber 402 closest to the buffer layer 404, absorber layer region 824 is a middle region of

the absorber, and absorber layer region 826 is the region of the absorber closer to the back
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Au Hg5Pb Bi, and Cd. Figure 5 illustrates, nore particularly, an absorber
| ayer 402 that is conprised of an overlying sequence of / absorber |ayers
506 (wherwo/20i007187@ nunber of absorber |ayers of type 5@6Tarsdoosinese7/ is
greater than or equal to 1 and less than or equal to 100) 5067 to 506/, |

absor bercoh?ﬁ@ I SyigRs Fﬁr‘ﬂ*@ﬂraﬂ J ré-g%ﬁ 130 0 "W ie:Pfcc 2RI NP GE ek RY S tBe QEgibly RRatS08
and where I's greater thanh or equal to O and | ess than or equal to 100)

I5087 to rf&@foprsahnbrkcatﬁ@réb@n ih gppeticailds 1N odireends, khassa tieknegsrive tho fangbsdr ber
ayers of type 510 ere k is greater than egual to O | ess. t han
or equalapPEP"irB@‘?%’Si@g% gﬁgg%@&}sl.) tﬁ*h@g,“rflhe %‘f’%logr uﬁ%g?rsorreglgﬂs &Y% 'Byers
inthis i i = I o fl to r iorent ,
cach of IR i Epdbndl, MOSUGaheR: Intb i LsPpERERERN 0 £t S BT RENTTG
is sputtsw sepesitgidnfxdnuid)dn resieddri ambeiputitter haou ticekmas én ithd sanghodn i n

Table 2 illustrated in Figure 6. . In _particular enbodi nents, at |east one
of thes@pPWéYF‘%teWsl@pgt‘P e afigyre dRpdlpstiaizse? 8%9%31%013@@3? Qgén @ET’% ds. As

describ b e .or .t r : i

bt codeB R wBRS Rt IRER, Blip AERGASUE FOMRY (Rl2f BE SEHERIdNe 1)

It he r es;ﬂgtéta;cmﬂarag%'gilisb@%thé iabsmberllaycadop héiguearbCdilnente a eaupospiont preflikbEember
ayers to .. 5087 to 508/, and 5107 to 510A. i tt d ited

from t hebPbpelay $nAY 2R Ete @&lﬁaéé’(‘ﬁﬁ%?%e&ss&‘% ARSI PO 40 31 PRREE Gt od

In I:I'Ogur}ﬁftﬁzﬂér [EEORES ALY GRS 1AW 300 PRareRs iI(Rhiskys comdbsesupElyothese

absorber [ayers are anneal ed at "t enperatures above 350 degrees Cel si us.
However ,absorbenaperrievipre flerveeticab mbio dépresedis, the dfemamnpeyedrit @g Al gvithgespsented at

t emper at ur es.above 500, degrees, Cel sius... As ribed above,..one re of
hebe. | dEIQITAGHaRSY) e SORUT et ha Tikine ot DHIrRES A SRR Rt Bl S or
both of ddssbendydidde wiRrauRirtRabids ROrédeh eheeiSricl perddheof B8 ubihainkd ahslor ber
films. Figure 7 illustrates Table 3, which shows exanple sputter_source

mat er i alaf Sindk, pad alre tthsrespect &b particpler gegonsnoff e rdbserbputayer 4Waydigradl7 to
404 Buf.fer .| ayers 4041 04 f .00, - er L.ng, ,

par tcul M ey Ut Db B T Mo G 1 et VEicROURRUA L b B0 S5

usi ng chasatatic patcbndedds icbimdmedabhbt gh, Capdg, SieisGt) anl, Plaothi resfeayer

deposition, or another sujtable process. In ticul ar enbqdi nent.s,
Tor o of G TPEIgET & tho Ao er SOl BPEAD 1B (% GPEEDTURY OBl at

| east ong o, Yg‘?%r D wide th%ertic%} a %J ?a?ges@ﬁ'tg 1 ath@RSfer@n€oPhe cSmbRd tRkl Te.

By way of exanp one or nore o r
of Ag and Au with respect to particular regions of the absorber layer 402. Lastly, Figure 9H

20 illustrates a composition profile of an absorber layer 402 where the vertical axis represents
the atomic percent of the combined total of Li, Na, K, Rb, and Cs with respect to particular
regions of the absorber layer 402.

Figures 10A-10H show more preferable examples of absorber layer composition
profiles in accordance with more particular embodiments obtained using sputter deposition

25  where at least one of the layers is heated above 300 degrees Celsius during the deposition.
More particularly, Figure 10A illustrates a composition profile of an absorber layer 402
where the vertical axis represents the atomic percent of Cu. The horizontal axis again
indicates the thickness of particular regions (regions 820, 824, and 826 from Figure 8) of the
absorber layer 402 for which the atomic percent composition is specified. Tigure 10B

30 illustrates a composition profile of an absorber layer 402 where the vertical axis represents
the atomic percent of Ga with respect to particular regions of the absorber layer 402. Figure
10C illustrate a composition profile of an absorber layer 402 where the vertical axis

represents the atomic percent of In with respect to particular regions of the absorber layer
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| ayers 4047 to 404dmmay be a Si or Ge | ayer doped with at |east one of: N,
P, As, Sn, B, Al, Ga, or In. In particular enbodi nents, to obtain high
ef fici encyooloa71srel | s, the Cu content in the absorber Ipayars2¢00®689n7t he
region 820 (illustrated in Figure 8) proxinmal to the interface 822 between

t he absQfOQQrFi%Lﬁ'¥QOD4ﬁgstﬁ% DR REiHoAYRs 14 0f ah SbdoBRS I4RABIRRRERXhEREELY 30
atom c percent (at. % . In particular enbodi nents, the thickness of

i nt er f acais egicoent8 2 ptomin peteentrefngl with waeeold prrtiedlyr egdnA of Ahg gbsosbRE) to

0.5 mm (;m cr,ans) ... Fi 9A- 9H show examl e..coprposi. ti.on profi 0
absor berlaxeéi;f@?s_ FlrguéegEﬁﬁgﬁ@@eﬁﬁcﬂnﬁ%f‘lﬁ?%fo@e 8 %at?sr?él?\etrégyoegt4glh ﬁ%lgteu{s}ﬁeng
sputter WaRashtis QprovBes eheddtomAsdrcanef Ok co®incdy@ubofl § SeeaideTe ahbvepso
degrees Celsius during its deposition. More particularly, Figure 9A

i | T ust r 4o @ertigulep rasdristof g ghsebrt layer4an Fagge d et/ lustigler 2 g pamiétrertofls of
vert! caly A St PRLSSAN SnlR el QLA RRNEERLCH t(hg‘étor;m?ep&m 800k Fonfiicd

i ndi cates ness of particular regions (regions 820, 824, and 826

f rom Fi gutaoB)n,afd, tHye SapSio Geeind Rty @ith 46dedtas padticelar telgenabbd Hecabpaberelnyer
conposition i s specified. Absorber, |layer region 820 is t regi pn of. the
absor ber*0407 gyre d BStillgraqse: dogROgHiop l‘le@ggf’ aERSY bhafer f‘%&hegég? $iligda i s
a mddl %}xgsegég?&gﬂg th@%t(ﬁ{ﬁ%%@t?@ernt o2NHe 2BRBERAT 1ot AYART A AU ORy B r&spbdieo
region of t absorber closer to the backcontact. Mre particularly, region

820,10t hepartivuéar fragiens efjittenabspefeedayet d02 hdlastyi BigutehHIH Aldisgratss rascamppasiioace
822 and, ip particul ar enbodiyents,. has .a .thickness . ip the range of

appr oxi rﬁi?ﬁlley) f@(?cb Or?ﬁrn g‘frr%jrgs‘j\’ﬂ?% e %eml 813%39568??3@34&‘80%1(53}0? ergce%’?%ﬂ@zo
and, in RaidLUotl EMRORENENRS, alBEsavitiakaess phitictiAe régddieoOthe absorber
approximately O Ato 5 nm Region 826 borders region 824 and, in particular

enmbodi méayes 40Ras a thickness in the range of approximately 100 A to 5 nm
Figure 9B il lustrates a.c 0sJ t j|; orber, I ~yher e
t he vertical Ig)gagt lcrueaﬁreénsbeoﬁi%mﬁ%ethg? %O%'gé%ékg%agn eﬂg)fj g?ﬁf\e Lo EURACRN

wth respect to

par tfiscul Rked &th?@:?ls Qlﬁa:cttalf‘@c@gﬁlﬁﬁegﬁff aJlna:M/@flaﬁﬁg sedtieger ef @Cginhingsyitiatle layer
conposition profile of an_absorber |ayer 402 where the vertical S

r ﬁpr eserflesestie the gHhisEaighe Maneonshuciive [gyem a e feet)Senalsaracr i@’F’érﬁ ?‘2% h%gr of

t he abs r PR S TNe 101 Lh! fe i r of 4 an
absor bor By 7 0 R TR D) AR ety S RE R R e B o
Al Wit h englspl@oénts,copantintael te affgemysobthis heltabyor Bercturayell, #02Ca Epgjarte 9E

LSRR 3, OO ST RLRL) L, O S BOERUST B A0S W o,
ggd 2be Wb Rink €2Reflerth@sRakbich@H Rk if @ IRl thoieuahgR BB abkayarlafgh2 Thisi gur e
composition profile is very difficult to obtain using a post-sputter annealing process. For
example, the Cu(In,Ga)Se, absorber layer can be obtained by annealing a multilayer-structure
comprised of a CuGa layer, a In layer, and a Se layer that are sputter deposited on top of the
Mo layer. In such an embodiment, the Ga content is greatest at the interface between the Mo
25  and Cu(In,Ga)Se;, layers and monotonically decreases toward the Cu(In,Ga)Se; interface with
the buffer layer, which is not desirable for absorbers used in high efficiency solar cells. Thus,
in particular embodiments, to obtain an optimal composition profile across the absorber layer,
at least one of the absorber layers 402/ to 402n is deposited by sputtering at a temperature
above 300 degrees Celsius. The desired Ga composition profile can be also obtained by fast
30  annealing process. In this case Ga and In do not have time to diffuse across the absorber
leading to decrease of Ga concentration at the interface with buffer layer.
The present disclosure encompasses all changes, substitutions, variations, alterations,
and modifications to the example embodiments herein that a person having ordinary skill in

the art would comprehend. Similarly, where appropriate, the appended claims encompass all
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illustrates a conposition profile of an absorber |ayer 402 where the
vertical axis represents the atom c percent of the conbined total of Zn,
Cd, Hg, Smp28i0/0733¢ and Pb with respect to particul ar regirarssofciode
absorber | ayer 402. Figure 9Gillustrates a conposition profile of an

absor ber L AYRT s AOZMHRS Carddi®nY BliblaGishs, 8%d HoHERAESRND $he A@nBlmkodpaEaent of
the conbined total of Ag and Au with respect to particul ar regions of the
absor berheray grat 4 p2rsoi hatihy ordiagy slell g thejarl weuld spmgrehensbnposi tion profil e of
an absorber |ayer 402 where the vertical axis represents the atom c percent
of the conmbined total of Li, Na, K, Ro, and Cs with respect to particular
regi ons of the absorber |ayer 402. Figures 10A- 10H show nore preferable
exanpl es of absorber |ayer conposition profiles in accordance with nore
particul ar enbodi nents obtai ned using sputter deposition where at | east one
of the layers is heated above 300 degrees Cel sius during the deposition.
More particularly, Figure 10A illustrates a conposition profile of an
absorber | ayer 402 where the vertical axis represents the atom c percent of
Cu. The horizontal axis again indicates the thickness of particular regions
(regions 820, 824, and 826 from Figure 8) of the absorber |ayer 402 for

whi ch the atom c percent conposition is specified. Figure 10B illustrates a
conposition profile of an absorber |ayer 402 where the vertical axis
represents the atomc percent of Ga with respect to particul ar regions of

t he absorber layer 402. Figure 10C illustrate a conposition profile of an
absorber |ayer 402 where the vertical axis represents the atom c percent of
In with respect to particular regions of the absorber |ayer402. Figure 10D
illustrates a conposition profile of an absorber |ayer 402 where the
vertical axis represents the atomc percent of Al with respect to
particul ar regions of the absorber |ayer 402. Figure 1CE illustrates a
conposition profile of an absorber |ayer 402 where the vertical axis
represents the atom c percent of the conbined total of S, Se, and Te with
respect to particular regions of the absorber |ayer 402. Figure 1CF
illustrates a conposition profile of an absorber |ayer 402 where the
vertical axis represents the atom c percent of the conbined total of Zn,
Cd, Hg, Sn, Si, Ge, and Pb with respect to particular regions of the
absorber | ayer 402. Figure 10Gillustrates a conposition profile of an
absorber |ayer 402 where the vertical axis represents the atom c percent of
t he conbined total of Ag and Au with respect to particular regions of the
absorber | ayer 402. Lastly, Figure I1OFl illustrates a conposition profile
of an absorber |ayer 402 where the vertical axis represents the atomc
percent of the
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conmbined total of Li, Na, K Rb, and Cs wth respect to particular regions
of the absorber layer 402. In particular enbodi nents, the afore-described
nmet hods awe 20mad187@ f abricate Cl GSbased sol ar cel | s t hatcares2aonpswesed of
an overl ayi ng sequence of (beginning with the |ayer closest to the
substratep opyviR0 conductive layer, a Cu(ln Ga)Se 2 absorber layer, a CdS

buf fer I'ayE'r—“a ZnO conductive layer, and a ZnO conductive | ayer doped with
Al O . IWhqgedrs tlogmddas: enbodi nents, to naximi ze the efficiency of this

mul ti-layer structure cell, the Ga content across the Cu(ln Ga)Se absorber
is intentionally non-uniform that is, the Ga content at the M and CdS
interfaces ig. greq&gnotb{?@md &elt o d@le of the Cu(ln Ga) Se absorber | ayer.
This composition profile is very difficult to obtain using a post-sputter
anneal i ng pr @@@Qgersméﬁammfpp@smg he Cu(ln Ga)Se 2 absorber |ayer can be

obt ai ned by anneal | ?i%;ﬁf er,
In layer, and a Se g{/gm%{l%]% «E&*Ya%[:tn%%ﬁ(éé%b‘éf glisgl%tB Eeﬂdﬁﬁﬁn %)%%(t) % b Iayer
I n such an enbodi rve}mtrembheoﬁaloffowﬂtbmbsbﬂaegt@reﬁs&stnpascstdn&asmrerface bet ween

the Mo and Cu(ln Ga)Se 2 |ayers and nonotoni cal | dec eases. toward

Cu(ln Ga)Se i I(’lt erfCQ)%]éogﬁnt“i“r’ %/“ﬁé"]t?u?lf‘é}}e E}tii?é?onevﬂ}i‘?%ﬂg‘?r% HOMRIEST r B &fL r
absorbers used in Rygfe 6f flofd mﬁf'fms@)asreléﬁﬁlrﬁ ?Se)T&‘@Hurldﬁl PRY)Ldrqul ar

enbodi ments, to obtain an optinal conposition profile across the absorber

| aydp, at | east oremecof rrtomesalmsmd@ehng ayfardaypgcach baviog aisecodd doBing éxbeby
Sputtering at a te erat %lg)ofv (?00 de rees Celsius. The desired Ga
conposi tion profil% 8%“‘? %tog 15k ”F‘?eté( fry fast annealing process. In this
case Ga and | n do yaeiRaeodffeiBaylers Hlé Eélt&ﬁv@?b@ﬁﬁoﬁéﬂﬂr@hﬁ@dté}?@dﬁaeﬁtﬂumg to
decrease of Ga concentration at the interface with buffer |ayer.

present di scl osur éherlsorhsabwes fatming paiedacedypyacntthe b laﬁéﬁrqnétth%ns

per son havi g or IRy SR g b B e E I A RS BB Doy D% s
apprigpri ate, the aalbskﬁbéieldy&hﬁhféﬁla&’lﬁﬁdijpé@st}allhteha&gleskessﬁwlnsirieqwl It@ns
variations, alterations, and nodifications to the exanple enbodi nents
herein that a persaéﬁrq?f&(}i‘tﬁ]q @r%@m%&rgfr%em Il in the art would

conprehend. CLAIM5S What is clained is: 1. A photovoltaic cell conprising: a
conversion |layer conprising: one or nore sem conducting absorber |ayers
each having &.fi r skhegdptavgltsiypel] ofvGkireiln whaeirothe fpstalophgttyrs labsppber | ayers

comprises at Ao%%sgtanar&eherein the second doping type is p-type doping.

20
3. The photovoltaic cell of Claim 1, wherein the first doping type is p-type
doping and wherein the second doping type is n-type doping.
4. The photovoltaic cell of Claim 1, further comprising a substrate over which

25 the conversion layer is deposited.
5. The photovoltaic cell of Claim 4, further comprising first conductive layer
positioned between the substrate and the conversion layer.

30 6. The photovoltaic cell of Claim 5, further comprising a second conductive layer

deposited over the conversion layer.

7. The photovoltaic cell of Claim 6, wherein:

the substrate is a transparent glass substrate;
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chal cogeni de and wherein the at | east one chal cogeni de conprises copper
(Cu) and one or nore of sulfur (S), selenium (Se), or tellurium (Te); and
one or nowe wemi7esyaducti ng buffer | ayers each havi ng a serarsdoodopsony type
opposite that of the first doping type; wherein the buffer |layers are

col l ectively tEQﬁ-ksrtE&%@ti@éﬁ?ﬁ%‘é?ﬁ@aﬂs;ﬁ%n@@&%cﬂi% lhjxg; aksor ber [ayers formng

an interface between the | ayers and the absorber |ayers, and wherein
t he Cu cont erthe sevondh constuetiYealaperrie gitronspefent bendapisripear. | ayer i mmedi atel y
adj acent the interlace is less than or equal to approximately 30 atomc
percent. 2. The photovoltaic cell of Caim1, wherein the first doping type

is n-type dopd.ng aryd praeseithiclcbie osetand, dapichigtht ipRadtonp chatgedidpifingher 3.
The photovoltaic cell of Claim1, wherein the first doping type is R;type
dopi Ag and wenairkes indivgedahandaviarelg the/sambinedcanisab oeprRg N i theppRsorber

Convor i on | dyer FreiGrail el b Rbrc KRR B BB P e L R 2 U her

conpri si ng fidgahl toGHdeghic\perdeayer positioned between the substrate and the
conversion |layer. 6. The photovoltaic cell of Claimb5, further conprising a
second conductive | ayer deposited over the conversion |layer. 7. The

photovol taic gell pf ogjvmtéic MHBE Bldn & DReRUPEE LAt fidnSofahd EAMSRA ent gl ass
substrate;the first conductive layer Is a transparent conductive |ayer; and

t he 19econd comdtent diEu,| Gyard Insn shet abarrbpalarers isclossdbart inpeotimgtsry, 4 gtonTThe

photovol taic cell  of Clﬁiq%% m?erein the at |east one chal cogeni de further
conpri ses i ndiSIfRE FAYSSARAYAMREREI R Fhe combi ned content of Cu and In in the
absorber layers is greater than or equal to approxinmately 22 atom c percent

and less than or equal to 55 atom c percent. 9. The photovoltaic cell of
Clai m 8, wher®ln thie nherdvalthigscbpl Clemdonbeitaythe yatiain Gihaepnieh obhd it n in

the absorber thg‘xgsro%eir ?ayle%slg a{ IQQSQ a%%&%t@he@alté/ml% p‘%}:c%m &r&@ rﬂ'?ee{bt%OI%GIr oss the

absor ber | ayers.
15 layers.

11. The photovoltaic cell of Claim 8, wherein:
the variation of the content of Cu in the absorber layers is at least approximately 4
atomic percent across the absorber layers; and

20 the variation of the combined content of Cu, Ga and In in the absorber layers is less

than 4 atomic percent across the absorber layers.

12. The photovoltaic cell of Claim 1, wherein the combined content of S, Se, Te in
the absorber layers is greater than or equal to approximately 44 atomic percent and

25 less than or equal to approximately 56 atomic percent.

13.  The photovoltaic cell of Claim 1, wherein the at least one chalcogenide further
comprises one or more of gallium (Ga), zinc (Zn), aluminum (Al), and cadmium (Cd),
and wherein the combined content of Ga, Zn, Al, and Cd in the interface region of the

30 absorber layers is greater than or equal to 5 atomic percent.

14.  The photovoltaic cell of Claim 1, wherein one or more of the buffer layers
comprises at least one chalcogenide and wherein the at least one chalcogenide

comprises one or more of sulfur (S), selenium (Se), or tellurium (Te).
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10. The photovoltaic cell of Caim8, wherein the variation of the content
of Cu in the absorber layers is at |east approximately 4 atom c percent
across thwoabsa7issn | ayers. 11. The photovoltaic cell ofcTiustomdsssher ei n:
the variation of the content of Cu in the absorber layers is at |east
approximately 4 atom c percent across the absorber |ayers; and the

vari ation of the conbined content of Cu, Ga and In in the absorber |ayers
is | ess than 14. at difiephpevokait celt pHERIM H4, abgombbe afl lagsepes c@izcogqmée

phot ovol tai c | of Cla 1, whereint conbi con e, Te in
t he absor ber fP‘ﬁ l‘cgrr’ipgs?j‘r%]é S One L MOgE OEQHW%P’S@&%&&Q&&@ 1un2lg‘lGatom c

percent and |c%§1%u$n'i‘$’@d OlndRAN &h),lR tiaRRAPXi mately 56 atom c percent. 13. The
phot ovol tai c cell & aim 1, wherein the at |east one chal cogenide further

conpbi ses one or nore of gal I ium (&), zinc (zZn), alumnum (Al), and

cadm um (Cd), andwh re onbl %content of Ga, Zn, A, and Cd in the
interface re |0n cﬁp (?18“) aé%cr aye S is greater than or equal to 5

at om ¢ per cenfalask4ubsthe:; phot ovoI taic cell of Caim1, wherein one or nore
of the buffer % ers conprises, at | east one ch Icogenl de and wherein the at

| east one chd féré EispRCRpATLivg layseazngss oxeigne glafs oSS sel eni um (Se),
or tetlurium(JAekeBy 1L RAYAYIL! AL Firg FahsilenttAdibdd lapliael n he at

| east one chaal cogenl conprises at |east one or nore of alum num
(AP zinc (Zm)nprigﬁllgl | um (Ga), cadm um (Cd) indium(ln), or tin (Sn). 16.

A photovol taic cell risin rate firs ar ent

conductive | ayer aPrnFé’ﬁ e e O‘?Cﬁ‘ég‘ég ajgsg%sea@ﬂsgggh ﬁlaéll%]ﬁ&/yeq'c r?%r ayer

arranged over the fjdi§h oht 8PSRAS §ithe §0EMG 1dy¥R dodieisciidea8OsRR! | Si Ng: one or

more sem conducting absorber |ayers each havin g [) type dopi ng, wherein one
C

or nore of the absmabegem@y%ﬂwhﬁmpﬁh@sfééeaétoﬂ OQﬁEd%%ﬁlﬁtﬁﬁéﬁﬁm’ér and

wh n » di
shereln e ar | eaet, OBt Qa6 ST S5 3aT2PRRNA Gl o (1)

15 one or more semiconducting buffer layers each having n-type doping, wherein
one or more of the buffer layers comprises at least one chalcogenide and
wherein the at least one chalcogenide comprises one or more of sulfur (S),
selenium (Se), or tellurium (Te) and at least one or more of aluminum (Al),
zinc (Zn), gallium (Ga), cadmium (Cd), indium (In), or tin (Sn); and

20 wherein the buffer layers are collectively positioned immediately adjacent to
the absorber layers forming an interface between the buffer layers and the
absorber layers, and wherein the Cu content in an interface region of the
absorber layer immediately adjacent the interface is less than or equal to
approximately 25 atomic percent; and

25 a second transparent conductive layer arranged over the conversion layer.

17.  The photovoltaic cell of Claim 16, wherein:
the variation of the content of Cu in the absorber layers is at least approximatcly 4
atomic percent across the absorber layers; and

30 the variation of the combined content of Ga and In in the absorber layers is less than 4

atomic percent across the absorber layers.

18. A method comprising:

sputtering one or more absorber layers over a substrate, wherein:
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one or nore sem conducting buffer |ayers each having n-typc dopi ng, wherein
one or nore of the buffer |ayers conprises at | east one chal cogeni de and
wher ei n twe 2ato/d7eerst one chal cogeni de conprises one or morasedossdodur (S),
selenium (Se), or tellurium(Te) and at | east one or nore of alum num (Al).
zinc (Zn), galli unphé Gsirae 30peUBalcGdo ash&%ﬂé%rﬁ%éﬁwr@éf_ dt 1dast Pproxiadly
wherein the buffer |ayers are collectively positioned i medi atel y adj acent

| 0 the absorber | a3f@rdsgfeos RRlsipsaniof wtibe frteribg apkeyringibe ppiftfeang pggﬂéh@fand

t he absorber |ayers, and wherei tge Cu content in an interface region of

t he absor ber Iayeronier?ﬁ&ﬂr%?gﬁhfiagiﬁr ddMFhe interface is | ess than or equal
to approximately 2he shRtifg PEAGERt ond@dithaasesen thykfsanpadsant ieesputtinge

| ayer arranged over the conversion |ayer. 17. The photovoltaic cell of

O ai M 16, wher ei n:atpRgphgee hagineonpressurdel & basldhi Parcaleuandh t he absor ber

| ayers is at | east d I \ . g;,%'

| ayers; and the vatpfggﬂt%ﬁhg? %?tr%asggl?%%ga@%ﬂ%& e%}gf 0@13%1 Iuﬁ i i?ﬁg
absorber |ayers i sadpagsr tafp@nthdt @inoprises pehaierpenie nisy thaheorafrsos beppet @yer s.
18. A method conprising: sputtering Qne or absor ber yers over a
substrate, wherei rPDERBE SLBYG Sé‘”{‘}%(sgrﬁl‘ﬁ‘é‘é{f‘n%gtﬂtﬁﬁ%rﬂ%d te tenperature
of at |east approxinmately 300 degrees Celsius prior to the sputtering and
during the sputtering of each of one or nore of the absorber |ayers; the
sputlderi ng of1%t | Bashetbodobflaithd awboringhe brylerisg cempset oragaerdm a
sputtering at rmsghere having a pressure of at least 0.5 Pascals; and the
sputtering of Pt ast one of the absorber |ayers conprises sputtering from
a sputter target that conprises a chal cogenide alloy that conprises copper
(Cu) and one or nore of sulfur (S), selenium (Se), or tellurium(Te). 19.
The nmet hod of20¢) ai Therssthodhef elaimtlRewbgaintthe pridicupapl ftdeast prgefdhe ahporber

sputtering. e . Cl aj L. i t | t
ohe of the atareriayera gt LB S TR Rep BB Bl &, 1o
readtsi ve gas rhb@tofClyRosr I$£%. one or

21. The method of Claim 18, wherein the at least one chalcogenide further

comprises one or more of gallium (Ga), zinc (Zn), aluminum (Al), and cadmium (Cd).

20 22. The method of Claim 18, wherein the distance between the substrate and

sputter target for sputtering at least one of the absorber layers is less than 8 cm.

23.  The method of Claim 18, wherein the sputtering of at least one of the absorber

layers comprises spuitering at a bias voltage less than approximately -150 Volts.

25
24.  The method of Claim 14, wherein the sputtering of at least one of the absorber
layers comprises exciting the plasma during the sputtering with radio frequency (RF)
or current pulse power supplies.

30 25. A method comprising:

sputtering one or more absorber layers over a non-heated substrate, wherein the
sputtering of at least one of the absorber layers comprises sputtering from a sputter
target that comprises a chalcogenide alloy that comprises copper (Cu) and one or

more of sulfur (S), selenium (Se), or tellurium (Te); and

20



nmore of H2S or H2Se. 2 1. The nethod of Claim 18, wherein the at |east one
chal cogeni de further conprises one or nore of gallium (&), zinc (Zn),

al um numwal2pro/anst4cadm um (Cd). 22. The nethod of C ai mCcIAiS2000@682N t he
di stance between the substrate and sputter target for sputtering at |east
one of the a I e ¥ fecGk 3bom 18,
wherein the g%géalt?@%iﬂlﬁeg%gﬁérae? %Féeoggé:r l%)};r%gg]%t% n'fa H%ee%g%(t)ér?@gerl 51Iﬁltzi/)dg%s&corrpri ses
sputtering atdegrebs Gslsiwel t age | ess than approxi mately -150 Volts. 24. The
met hod of Claim 14, wherein the sputtering of at |east one of the absorber
| ayers conprises exciting the plasma during the sputtering with radio
frequency (RF) or current pul se power supplies. 25. A nethod conprising:
sputtering one or nore absorber |ayers over a non-heated substrate, wherein
the Sputtering of at |east one of the absorber |ayers conprises sputtering
froma sputter target that conprises a chal cogenide alloy that conprises
copper (Cu) and one or nore of sulfur (S), selenium(Se), or tellurium
(Te); andannealing the sputtered absorber |ayers at an annealing
tenperature that exceeds 350 degrees Cel si us.
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