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referred to as copper indium selenide CIS based alloys, have desirable properties for use as

the absorber layer in thin-film solar cells. To function as a solar absorber layer, these
materials should be p-type semiconductors. This may be accomplished by establishing a
slight deficiency in copper, while maintaining a chalcopyrite crystalline structure. In CIGS,
gallium usually replaces 20% to 30% of the normal indium content to raise the band gap;
however, there are significant and useful variations outside of this range. If gallium is

replaced by aluminum, smaller amounts of aluminum are used to achieve the same band gap.
SUMMARY OF THE INVENTION

[0004] One embodiment of this invention provides a solar cell comprising a substrate, a
first electrode located over the substrate, where the first electrode comprises a first transition
metal layer, at least one p-type semiconductor absorber layer located over the first electrode,
an n-type semiconductor layer located over the p-type semiconductor absorber layer, and a
second electrode located over the n-type semiconductor layer. The first transition metal layer

contains (i) an alkali element or an alkali compound and (ii) a lattice distortion element or a
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BRI EF DESSRIORTHEDN layer TiHp tIRRAVWINGEMi@D0TdtordbGorber layem Hehetypei ¢ si de

cross-sectional, vi,ew.,of .a C ased sol ar,.cel |, acc i t.0,one enbodi nent
o O he bR HRSs e eS8 S iR roscBRE R PR Sl hor
of atop view of a sputtering apparatus that can be used to formng a first

transi t[0006]eA adthbrseodiBemivrase iARerlonddrb Gaey Aneihad of hﬁﬂﬁfakﬁ@i’ihgfﬁ%bﬁﬂr layer,
for exarTPI e, a sodiumcontaining nmolybdenumfilm [0009] FIG shows a
hi ghl y siligemprisiag pseHdingai subiraigy dspesting fitshelgpteadeatventhesubsteate whereirer i ng
appar at - . I h:C .n_FlI G
17 010} FRlesfitly QiRECa il HARUGE bidof 1HREcGRRipd i SRR B
magnet ranredkdliocanmuadsadi(lipa tefasdistonionreddmerniod a itactedistogionasageuhd,on of the
1S | t its band :
C ay(i%{)osigng gltrl)e/aslt oge p—atl}Dpe sge?neconductor absorber layer over the first electrode, wherein
the p-type semiconductor absorber layer includes a copper indium selenide (CIS) based alloy
material, depositing an n-type semiconductor layer over the p-type semiconductor absorber

layer, and depositing a second electrode over the n-type semiconductor layer.
BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 is a schematic side cross-sectional view of a CIS based solar cell according to

one embodiment of the invention.

[0008] FIG. 2 shows a highly simplified schematic diagram of a top view of a sputtering
apparatus that can be used to forming a first transition metal layer, such as an alkali-

containing transition metal layer, for example, a sodium-containing molybdenum film.

[0009] FIG. 3 shows a highly simplified schematic diagram of a top view of a modular

sputtering apparatus that can be used to manufacture the solar cell depicted in FIG. 1.



[0011] FIG 5a shows a schematic side cross-sectional view of Exanple I,

and FIG 5b shows Auger Electron Spectroscopy (AES) spectra of Cu, In, Ga,
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et al a[%llﬁl anItd(é sﬁg\gg %Ffficge%%ies %? solar cells in Example V. Dots refer to actual data
points. Line A connects the average efficiency of solar cells comprising a first transition
metal layer obtained in a first system (system A) under corresponding sputtering powers.
Line B connects the average efficiency of solar cells comprising a first transition metal layer

obtained in a second system (system B) under corresponding sputtering powers.
DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0016] As grown CIS based films are intrinsically p-type doped. However, it was found
that a small amount of sodium dopants in CIS based films increases the p-type conductivity
of the CIGS film and the open circuit voltage, and in turn, improves the efficiency of the
solar cell. For example, Ramanathan (Ramanathan et al., Prog. Photovolt. Res. Appl. 11
(2003) 225, incorporated herein by reference in its entirety) teaches that a solar cell, having
an efficiency as high as 19.5%, may be obtained by using a soda-lime glass substrate in
combination with depositing a CIS film under a high growth temperature. This method

significantly improves the efficiency of a traditional solar cell by diffusing sodium from the



not provide such a readily avail able supply of sodium [0017] One

enbodi nent of this invention provides a solar cell conprising a substrate,
a first eveabroadessiocat ed over the substrate, where thePCirrustoeloswss ode
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transition metal, for example but not limited to Mo, W, Ta, V, Ti, Nb, and Zr. The alkali
element or alkali compound may comprise one or more of Li, Na, and K. The lattice
distortion element or the lattice distortion compound may be any suitable element or
compound, for example, oxygen, nitrogen, sulfur, selenium, an oxide, a nitride, a sulfide, a
selenide, an organometallic compound (e.g. a metallocene or a metal carbonyl such as
tungsten pentacyonyl or tungsten hexacarbonyl, and the like), or a combination thereof. For
example, in a non-limiting example, the first transition metal layer 202 may comprise at least
59 atomic percent molybdenum, 5 to 40 atomic percent oxygen, such as around 10 to 20
atomic percent oxygen, and 0.01 to 1.5 atomic percent sodium, such as 0.01 to 0.4 atomic
percent sodium. In some embodiments, the first transition metal layer 202 may comprise 10%

to 10* atoms/cm® sodium.

[0020] The first transition metal layer 202 may have a thickness of 100 to 500 nm, for
example 200 to 400 nm such as around 300 nm. In some embodiments, the first transition

metal layer 202 may comprise multiple sub-layers, for example 1 to 20 sub-layers such as 1
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between the optional alkali diffusion barrier layer 201 and the substrate 100.

[0023] The optional alkali diffusion barrier layer 201 and second transition metal layer 203
may comprise any suitable materials. For example, they may be independently selected from
a group consisting Mo, W, Ta, V, Ti, Nb, Zr, Cr, TiN, ZrN, TaN, VN, V,N or combinations
thereof. Layers 201, 202 and 203 may comprise the same or different metals from each

other.

[0024] In some embodiments, while the alkali diffusion barrier layer 201 is substantially
oxygen free, the first transition metal layer 202 and/or the second transition metal layer 203
may contain oxygen and/or be deposited at a higher pressure than the alkali diffusion barrier
layer 201 to achieve a lower density than the alkali diffusion barrier layer 201. For example,
layer 203 may contain 1 to 10 atomic percent oxygen, such as 1 to 5 atomic percent oxygen,

and 90 to 95 percent molybdenum. Of course, other impurity elements (e.g. lattice distortion



oxygen, may be contained in the first transition netal |ayer 202 and/or the
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embodiments, alkali may diffuse from the first transition metal layer 202, through the lower
density second transition metal layer 203, into the at least one p-type semiconductor absorber
layer 301 during and/or after the step of depositing the at least one p-type semiconductor

absorber layer 301.

[0027] Alternatively, the optional alkali diffusion barrier layer 201 and/or optional second
transition metal layer 203 may be omitted. When the optional second transition metal layer
203 is omitted, the at least one p-type semiconductor absorber layer 301 is deposited on the
first transition metal layer 202, and alkali may diffuse from the first transition metal layer 202
into the at least one p-type semiconductor absorber layer 301 during or after the deposition of

the at least one p-type semiconductor absorber layer 301.

[0028] In preferred embodiments, the p-type semiconductor absorber layer 301 may
comprise a CIS based alloy material selected from copper indium selenide, copper indium
gallium selenide, copper indium aluminum selenide, or combinations thereof. Layer 301 may

have a stoichiometric composition having a Group I to Group III to Group VI atomic ratio of
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[0030] A second electrode 400, also referred to as a transparent top electrode, is further
deposited over the n-type semiconductor layer 302. The transparent top electrode 400 may
comprise multiple transparent conductive layers, for example, but not limited to, one or more
of an Indium Tin Oxide (ITO), Zinc Oxide (ZnO) or Aluminum Zinc Oxide (AZO) layers
402 located over an optional resistive Aluminum Zinc Oxide (RAZO) layer 401. Of course,
the transparent top electrode 400 may comprise any other suitable materials, for example,

doped ZnO or SnO.

[0031] Optionally, one or more antireflection (AR) films (not shown) may be deposited
over the transparent top electrode 400, to optimize the light absorption in the cell, and/or

current collection grid lines may be deposited over the top conducting oxide.

[0032] Alternatively, the solar cell may be formed in reverse order. In this configuration, a
transparent electrode is deposited over a substrate, followed by depositing an n-type

semiconductor layer over the transparent electrode, depositing at least one p-type
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in at least one sputtering target used for sputtering the first transition metal layer 202. For

example, in some embodiments the step of sputtering the first transition metal layer 202

comprises sputtering from a target comprising a combination of the transition metal, the

alkali element or compound, and the lattice distortion element or compound, for example, a

DC magnetron sodium molybdate target or a composite molybdenum and sodium molybdate

target. The composite target may contain 1 to 10 weight percent oxygen, 0.5 to 5 weight

percent sodium and balance molybdenum.

[0035] In some other embodiments, the step of sputtering the first transition metal layer 202
comprises sputtering from at least one pair of sputtering targets having different compositions
from each other. The at least one pair of sputtering targets are selected from: (i) a first
molybdenum target and a second sodium molybdate or sodium oxide target; (i1) a first
molybdenum oxide target and a second sodium selenide, sodium fluoride, sodium selenide or

sodium sulfate target; or (iii) a first molybdenum target and a second sodium target in an
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I nter mpeh Qs Rodule 22a, such as a vacuum chamber. In this non-limiting example, the transition
metal targets 27a and 27b are rotating Mo cylinders and are powered by DC power sources 7,
and the alkali-containing targets 37a and 37b are planar NaF targets and are powered by RF
generators 6 through matching networks 5. The target types alternate and end with a
transition metal target, for example target 27b as shown in FIG. 2. The distance between the
adjacent targets is small enough such that a sufficient overlap 9 may exist between the
alternating transition and metal alkali containing fluxes and thus enhance the intermixing of
the transition metal and the alkali-containing material during depositing the alkali-containing

transition metal layer.

[0038] In some embodiments, the step of depositing the first transition metal layer 202 may
be conducted in an oxygen and/or nitrogen rich environment, and may comprise DC
sputtering the transition metal from the first target and pulsed DC sputtering, AC sputtering,

or RF sputtering the alkali compound from the second target. Any suitable variations of the
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sel eni wme or more of selenium, sulfur, oxygen, nitrogen or barrier metal (such as molybdenum,

tungsten, tantalum, vanadium, titanium, niobium or zirconium), such as sodium fluoride,

sodium molybdate, sodium fluoride, sodium selenide, sodium hydroxide, sodium oxide,

sodium sulfate, sodium tungstate, sodium selenate, sodium selenite, sodium sulfide, sodium

sulfite, sodium titanate, sodium metavanadate, sodium orthovanadate, or combinations

thereof. Alloys or compounds of lithium and/or potassium may be also used, for example but

not limited to alloys or compounds of lithium or potassium with one or more of selenium,

sulfur, oxygen, nitrogen, molybdenum, tungsten, tantalum, vanadium, titanium, niobium or

zirconium. The transition metal target may comprise a pure metal target, a metal alloy target,

a metal oxide target (such as a molybdenum oxide target), etc.

[0041] In one embodiment, the transition metal is molybdenum, and the first transition
metal layer 202 comprises molybdenum intentionally doped with oxygen and at least one
alkali element, such as sodium. The oxygen can be omitted or replaced with any lattice
distortion elements or compounds. Likewise, sodium may be replaced in whole or in part by

lithium or potassium. The first transition layer 202 may contain elements other than
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metal layer 203.

[0044] In some embodiments, the step of sputtering the alkali diffusion barrier layer 201
occurs under a first sputtering environment in a first vacuum chamber of a magnetron
sputtering system, while the step of sputtering the first and/or second transition metal layers
202, 203 occurs under a second sputtering environment in a second vacuum chamber of the
magnetron sputtering system different from the first vacuum chamber. The second sputtering
environment differs from the first sputtering environment in at least one of argon pressure,
oxygen pressure, or nitrogen pressure. For example, the step of sputtering the alkali diffusion
barrier layer 201 may occur from a transition metal target in a substantially oxygen free
atmosphere, while the step of sputtering the first and/or second transition metal layers 202,

203 occurs in an oxygen containing atmosphere.
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exanpl e, e sputteri power use I'mg the al kali diffusion
barrier Iayer 201 may be hi gher or | ower than that used for depositing the
second [0046isi Pictamabigtlayerl28ges sidBred ffd d6leadPoat atkalilcyntaintnyetar @0 @/hils

sputterled fromat le s one al kal i contgl ning tar ﬁ gpl I,% | ayer 203 is

sput t er 8%T fzrogrﬁ %Ht‘étetrg FROF 8¢ g Batsstatast hahage %?Pg’ﬁl Iy, frge. By exppple,  For
exanpl gaydraysh REBMIVRE dpRiftErel RInY bdenum
tar getsar n an r%%g%en clont arpﬁlr ngaanbr gﬁw?%ﬁd%r@ugﬂgﬁﬁgsfH%%S)tx?g‘lrr?/ng t he

first teoatningembrest.al | ayer 202 may occur in the sanme or different vacuum
chanber fromthat of |ayer 203 . For exanple, a first transition netal

daposi (e TRLGDESEEAAEE b rbufOn B TRl 2RERGLBEHE e PR o et a

| ayer 20feient deposi cﬂt&ﬁhbeﬁ'r(blﬁl’tl‘ﬂeﬂtolf‘yﬁtey203 hEorsdxe@plef a Sipdd tiafsitiog nicke 1dyief St
transitjon netal Ia yer 202 occur in a third vacuum chanber of the

magnet r’o8 OptHRIRS aﬁfgceév%t%wn R EAMPOYISHEIIAYY G daposifgddnithreseserbnd vacuum
chanber cu&rggﬂ%]gbérr]nm RO B ioh ARl 18Rr 93 AARASELN ARl de

el ectrode 200 onprising depositing |on barrier
201, dehestep bfigputtesng thesfirst tramsitioni metalnteyal20R aygr oc202in a third vacuum
chamber of the magnetron sputtering system different from the first and the second vacuum

chambers.

[0048] In some embodiments, the step of depositing the first electrode 200 (comprising
depositing the alkali diffusion barrier layer 201, depositing the first transition metal layer 202
and depositing the second transition metal layer 203) comprises sputtering the alkali diffusion
barrier layer 201, sputtering the first transition metal layer 202, and sputtering the second

transition metal layer 203 in the same sputtering apparatus.

[0049] More preferably, the steps of depositing the first electrode 200, depositing the at
least one p-type semiconductor absorber layer 301, depositing the n-type semiconductor layer
302, and depositing the second electrode 400 comprise sputtering the alkali diffusion barrier
layer 201, the first transition metal layer 202, the second transition metal layer 203, the p-type
absorber layer 301, the n-type semiconductor layer 302 and one or more conductive films of

the second electrode 400 over the substrate 100 (preferably a web substrate in this
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and depositing the second transition netal |ayer 203) conprises sputtering
the alkali diffusion barrier |ayer 201, sputtering the first transition
met al | aywo 28021206¢md sputtering the second transition nmeCRIUSE@YMBO42O3 i N
the sane sputtering apparatus. [0049] More preferably, the steps of

deposi td (fillﬂgntgir{ crres f)(ﬁ%%%?&gfj%gQnd)daFeg%?htnpglﬂ?]}%t&%?_l%{/e El?&%ﬂy?s%?%gé type

sem conduct or abso eposi ti € sent conductor | ayer
302, angbndegied ptocery nidunlesacidt bleaking odeuwdh)Ovohnpissiag tiepudl @ibkirget1be al kal i
201, the f nsition nmetal |ayer 202, the

di ffusipon barrier |ayer jrst tr , _
second TYRASIHHY ﬂlorﬁ@/eatp ap it MPlettﬁ@“ﬁhtt umhSorhadeneagentlydelatedne
n-type RRbAaNPHeRmdRY& sudPhatid v%?)esu%trﬂpﬁ&tﬁl?gg%%fﬂﬂéﬁdsfﬁ % ifél{)ﬁthe

second el ectrode 400 over the substrate 100 (pre y a we s}llj rate in
t hi senboddute ta theiontpsidb modslsovitleppsging tessghntbd plueditg of thephdepehdénglyof

i 16 pRCBeHFRE B BReRanrRlss” Fobh BF B pafvertiman ot e

nodul e dphfterietatdess ok hadelihy ntteridd d0RaRE /R kibskaRl @oed, connected process
nodul es such that the web substrate continuously extends fromthe input

nodul e to_the output nodul e while passing through the plurality of the
i ndeperl@83] yForexpmples a masiiie SPEETINE GpRYatusbRIUNaang theshlastell,vs 1ihistateds

dul es ' [ Ut ' terial
over ¢ HaTagS (iR Phy B uORE B Bbla 001 PO Hh a0 el IR 7' @
appar atansinputy omtekd, mgodube2 kodralra Getrhetriasl dutputsérnatcad, modik Gl1b.3 Betvagen thew) |,

may be .used for deposifing the |ayers. The apparatus .is_equipped wth an
i nput, 1BPUY B4 §utayh Bfeéigﬂ PIREFSS Hﬁé@??,c’éﬁ,&ﬁa&ét2,2doﬁhaﬁp g ofRsaEAsE 21b.

Bet weenmbfged MB¥ BEJarPed ©BUhatBIR thel 1B ui A enky GRS SeviRAHAES béi ptr(ﬁféleedz 2¢c and

22d. The nunber ot process nodules 22 nmay be varied to matc

r equi r diashtngodsie hdser manpiog detiet 23, sudedstgcpuo puogy forEaamplecchiple thrasghput

punpi n evi ce 23, such as vacuum punp, for e | e,a.high throughput

Pur bonapLemelufim § 5RO ThBreEish Faa™y S B Sind T PEREFELhe 11 ow
of procese AamRthésdutieting BFeraiiot. t RAchiBoRIEMAY haVb a FaGPerBIPUhDs Phited@ve a
nunber of punps placed at other |ocations selected to provide optinmm

punpi ngter lpeasiens selepsedsio pravide ppdurapumming ofpreease gaseagéhparodales srd t val ves
24, whi i . I . GO C Lsolati Lots. revent

or ocess o EaRt BeBntelvanaas, R GRIHHE PG Ralr3R IR SRRl ieluhey ol
punped sdldts Eeprev et @rdoess gusechiom miving wdladn modye Miede sloBrmayddpatindyl e

connectors 24 nay. %SQ be used, Alternatjvely, a si ngkll}e | arge chanber may
be i nt dryRRedyf wegpiredyieriBereess the rsalatipy vsn frthei dethermodya sprneciags dhwayi

desir edalso%eﬁlseﬁ).uMIQeﬁﬁﬁgelﬁpPéihgl@tlérgg ch¥hber may be internally segregated to
effectively provide the module regions, if desired. U.S. Published Application No.
2005/0109392 A1 (“Hollars™), filed on October 25, 2004, discloses a vacuum sputtering

apparatus having connected modules, and is incorporated herein by reference in its entirety.

[0051] The web substrate 100 is moved throughout the machine by rollers 28, or other
devices. Additional guide rollers may be used. Rollers shown in FIG. 3 are schematic and
non-limiting examples. Some rollers may be bowed to spread the web, some may move to
provide web steering, some may provide web tension feedback to servo controllers, and
others may be mere idlers to run the web in desired positions. The input spool 31a and
optional output spool 31b thus are actively driven and controlled by feedback signals to keep
the web in constant tension throughout the machine. In addition, the input and output
modules may each contain a web splicing region or device 29 where the web 100 can be cut

and spliced to a leader or trailer section to facilitate loading and unloading of the roll. In
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2005/ 0109392 Al ("Hollars"), filed on Cctober 25, 2004, discloses a vacuum
sputtering apparatus having connected nodules, and is incorporated herein
by referemoeoin2pdss entirety. [0051] The web substrate POO/USS0MDIEAS

t hroughout the machine by rollers 28, or other devices. Additional guide

[0l er el (FRLkEBo SHAUD dhFlGonds B Frd R LG 3 MRTL 1 Mt N0

exanpl es Sonme ro read e to

provi deslisedintd eda mgdules)hﬂ;ethmwebmphvmg deweb 29 émthe @it fue adidario 1o Is ﬁfe%@
controll and ot hers may 1313_’2];’ nere idlers to run_the web in desired

posi ti o7fs" Od'I*H%nt? iBEPUBBoBOO 31 HAY e pRitlalAARPUEMEEo DIk, 6408 Obthe
acti vel yevelieh NRPs fiﬁ'aﬁ bE Qﬂttltrt&i (I)IE'r‘éI RYed é}xg'a&ﬁer%hgﬂﬁe ﬁe%@es%ﬁf tBgr éﬁ@a 14!

constant tension throughout the mac I'n addition i nput an dut put
modul esbawey relers and/nt aemr@mﬁﬁssmena@tueégn smoembeadiinents29 where the web
100 can be cut and spliced to a | eader or trailer section to facilitate

| oadi n I adi n enbodi men 0, instead
of bei 9.‘86% I eaaq%rpar@g? 368 Igﬁ?e%slﬁe%ﬁaggriso‘”h?fﬁ?e%eésagtt%gr(?v}(ﬁt%ve% 4P nodul es
by the depbnding LSdMBo6&Y iréirdthehR. tTheschtarid 30BEY b8 adddirix bR higdh@&Bperature
enbodi ments, the output spool 31b may be omtted. As a non-limting

exanpl €Juagd Ilﬁnllfflaltdtfélt aergpcibs madtaed ﬂmyetb elndiigrad; seasass Plfoe(tdeaﬂc@édh@yk alrgpalot her

sui t abl If ;ﬁ(& d{o er rollers
may be tgmgﬁgeﬁ 'n Pdone 3%@?%(&[@%“{1%%@% é{—cfe(l)gt Z}Ees‘g%?agnsg aroéing%lat%sd in
| ocat i chewnhe Fiz. Acthe hsatens atr@pl[acm/mdme/ﬁdb bixhe wel ldemiddpﬁgermgqargatsmess
requi r enent a matrix of high tenperature quartz

Th
| anps 1%f Gn‘f)%ﬂ a Q?ﬁiﬁe)g Ctd;%n ed’F}I‘?ré’IdetO%éhW?P IQOrtf$Pa‘|“€Bn% ERERY 37 aachi maya
feedbagke fbeHid of Qyat %ymﬁéaﬁrdtamﬁw%n(g?gr ﬂ%ﬁ’éf'trﬂe ‘é&bﬁ(@f u'&%ﬁt%ng acr oss

the web. I n one enbodi nent, as 3h eaters are placed on
one si ceuwks,ton®Rupbttdiiy scamebssputtering targets 27 a-e and 37 a-b are
pl aced on the other si de of the web 100. Sputtering targets 27 and 37 may

e U812 e e dn R L R ALY TRANDRT O S o oL BRAL RO ONCS)

pr e- cl easdide 2t 4)evhietbpravides Et&bﬁ;t &R ghieiéaf tofr&tho gAY atts%at@irwaéxr ay 30f in
nodul e 21a, which provides at | east enough heat to renove surface adsorbed

wat er . %%%@utémtwwet R sh orerTolers’s, wgh Gag bearspggal r\ﬂHPrcwnéahreées a

speci al a I | ows
t Ee sur aggﬁ%fl r&?rg/ct r ﬁ?y?}égn é&:v'ts F}%gufﬁt %19&%{ %ﬁ?ﬁ&@g (con uousl y
cl eanedwvébg tOBe cmmuonslﬁléleemd bebhaGsr RF spatsaﬁtg aropassestan@und the

rol ler/ netron. ttered web mpter [ ht hi el , Whi ch
is perlrgﬁg @apwtron T es uLtItered web material 1s catllg ton shleﬁdu 393 whlat 1Ss plegoéilcgi?y I

changed. Preferably, another roller/magnetron may be added (not shown) to clean the back
surface of the web 100. Direct sputter cleaning of a web 100 will cause the same electrical
bias to be present on the web throughout the machine, which, depending on the particular
process involved, might be undesirable in other sections of the machine. The biasing can be
avoided by sputter cleaning with linear ion guns instead of magnetrons, or the cleaning could
be accomplished in a separate smaller machine prior to loading into this large roll coater.
Also, a corona glow discharge treatment could be performed at this position without

introducing an electrical bias.

[0054] Next, the web 100 passes into the process module 22a through valve 24. Following
the direction of the imaginary arrows along the web 100, the full stack of layers may be

deposited in one continuous process. The first transition metal layer 202 may be sputtered in
the process module 22a over the web 100, as illustrated in FIG. 3 (and previously in FIG. 1).

Optionally, the process module 22a may include more than two pairs of targets, each pair of
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changed. Preferably, another roller/magnetron may be added (not shown) to
cl ean the back surface of the web 100. Direct sputter cleaning of a web 100
wi || causwothw/redse el ectrical bias to be present on thecrais2ainossghout the
machi ne, which, depending on the particul ar process involved, m ght be

undesir n f The bi asi n be avolded by
sputte r@%egsadr? le? ?l%{h%tahé?%% r%g)glrrﬁ?tglnta{éﬁﬁz PN s?%%ﬁalbf OIHﬁGHI&t?‘%ﬁg?P Grapged in

cl eani ngichaway tbﬁ the BPBPbLT et dirntsalihatéisMakdreéts BREWithe tRhk@bnt O

| oadi ng i nto this |ar e rol] coater, Also, a corona glow discharge

t r eat menttaLGtac be ﬁ&?f -GPRHAMing tagget basm%qmmnlqmqlﬁgam fromteatofthey an

el ectriwgg ti%h [ ] r dul e
22a throuslh va etal tg%éfl AWE&W %Hyzg?n}gl n of {ég}l%cgleolr% %r%ﬁts'r(g}.\jvs al ong
t he webarpes, 27thwnfg1hé sasnacdmpdsnlicmy(ergs, dmmpohuee ﬂep(bﬂeﬁwﬁi ahdis@li@ncont i nuous
process E@Tflrstbtra sition metal |layer 202 nmay be sputtered in the
processm?r]é’ te) BIRDEYIES t he web 100, as illustrated in FIG 3 (and
previously in FIG 1). Optionally, the process nodul e 22a nay include nore
than tveoss]i r'shédvets 0@ RIeA pasRS htd®BieneRf prat&8 hiodaRTPIb SbAGerRsitibAds tHel £

met al tarsget 27 and an al kali-containing target 37, arranged in such a way
t hat t Heast ppeB-tyfe seayiepadyctar eksorher dayandlt. ha %mﬁfeer@d@fnbpénm shaesylinfIGh a

i 11 or i 75 8 gebBORE pelitfeed SR A RB R RPNIR AR BT 2 FERGRS )
si ngl e reautiyely aZtErrfﬁﬂyig lerrersgd O) magnpiror gﬂuntteung)fhetsamg@ﬁlauaar mgtb@glary&e same

corrposu%q{gnw(@ nposi te nol ybdenum and sodi um nol ybdat e) be used.
[ 0055] Bt D0e PP‘H @uﬁ t‘ﬁ%g%@éwwﬁ fgractiel sdrand g o di 8 SPRYERIING atr;z(z&p efeor

deposi t n 01 . In
a pref é??&gmgﬁ%odl gr‘é % O\K%%%rr\l éBﬁgﬁ{?ﬁEn%Q s?lgg&ﬂ% @ggﬁégﬁ |{ rtllléea%(aﬁ{a()fzt | east
one p- ttyoeosduditive matgets df?c]aimb:t?@ércoh@yleﬁ t}ﬁ&imlemargetdeﬁoxrmm;ﬂegehm afltheanat i ng
current C) magnhetron s e sem conduct or. absqrber | ayer from at
| east df tb‘g‘? Forguchygta ﬁ%ﬁ@& agg%\f“d’é‘?@“ﬁﬁppﬁﬁdﬂ V’E‘?nglgﬁ W9t t eri ng

at msp%ﬁ@rg@@éop@mdm%na@%ﬁnms TR QeleniBf- é‘dHteHH’n‘g%E ?da?'b@%y@ﬁ%en' n some
enbodi nent, the pair of two conductive targets 27c nd 27c2 conprise the
same taﬂekj@t@ orlSdpmelmaYﬁpDe Inectbér ctmbosiheerm, tdtreatst27t:1/\md:2)7r£ﬂun@y sanpreseget s 27c¢l

and o UAfERa iR RN i, Ak PRE GRlR 1R Bl TR FORP fu

sel eni Yroseap tinpetdture} fwrexaﬁpledamam $00 860 UBtfoer eXédipl@mdurd SED-MBY C,GrmEN se
different materials fromeach other. The radi ati on heaters 30 maintain the
web at if Recterablgiforthe CIS based alloy deposition.

[0056] In some embodiments, at least one p-type semiconductor absorber layer 301 may
comprise graded CIS based material. In this embodiment, the process module 22b further
comprises at least two more pairs of targets (227, and 327), as illustrated in Fig. 4. The first
magnetron pair 127 (27cl and 27c2) are used to sputter a layer of copper indium diselenide
while the next two pairs 227, 327 of magnetrons targets (27c3, 27¢4 and 27c5, 27c6) sputter
deposit layers with increasing amounts of gallium (or aluminum), thus increasing and grading
the band gap. The total number of targets pairs may be varied, for example may be 2-10
pairs, such as 3-5 pairs. This will grade the band gap from about 1 eV at the bottom to about
1.3 eV near the top of the layer. Details of depositing the graded CIS material is described in

the Hollars published application, which is incorporated herein by reference in its entirety.

[0057] Optionally, the alkali diffusion barrier layer 201 may be sputtered over the substrate
100 in a process module added between the process modules 21a and 22a. The second

transition metal layer 203 may be sputtered over the first transition metal layer 202 in a
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process tenperature, for exanple, around 400-800 C, for exanple around
500-700 C, which is preferable for the CI' S based all oy deposition. [0056]
In sonme ewbadiomend3s, at | east one p-type sem conductor &bFarshew/obeayer 301

may conprise graded CI' S based material. In this enbodi ment, the process
nodul e r I at_| eas re hrs.of targets (227, and
S0y © dE0% Hob U agfTRELRET o ot R3S mobilips AL Sribinet, 3506} BofT ", 8

27c2) girecdss amdles sishewnembhpyenddet t6 agRsit additionsn tnse! 1 gyurdamddti | e the
next two, pairs 227, 327 of magnetrons targets (27c3, 27c4 and 27c5, 27c6)
sput t er2diesion layer tafhe gtack, ifdesked-easi ng anounts of gal lium (or al um num,
thus increasing and grading the band gap. The total nunber of targets pairs

nmay be ygasdjed bl &ﬂ%ﬂ%&ltmeQ?n%‘ré-&o@@sis%dﬁ&%ﬂo@ﬁo&hin@?%@%ﬂ@i s wll

grade the band gap fromabout 1 eV at" the bottomto abou near the
t op of added betyeen thoarededss moflulde pbsartd 29 to lsputtpr adedk GHSproaeativieddyer sver

descrihed.in the |1 ar iLshed . applicatign ich i.s incorporated
hereinqﬁﬁb?%ﬁs$%%§EePﬁ“ﬁ?@H@h@F&%?Qﬁqﬁﬂdg??ﬂﬁﬁPP@ﬂaﬁw ?aﬁﬁ@igFEQPiﬁgé
di f f usigmhdaibkirge. Uy eAppRRaticbSerte NoPU2/B29,8098 XSV DoskINJ. 8t £120081 300 a
process nodul e added between the process nmodul es 21a and 22a. The second

t ransi ttitted “Reategtiviedypaer 20 BarggySdate Rrpdectioned ThieFilmiwl4r Gdls” andifilsidtonon nret al
| ayer i r SSy.: rocess nodul.es 22a and 22b.
Furt nert copiily 20 AR R AL e RO O J65 e BTN S B eposi ¢
addi ti giadesharrier |ayers and/or adhesion |ayer to the stack, if desired.

[ 0058] In sone enbodi nents, one or nore process nodul es (not shown) may be

further ed_between the process mpdul es 21la apd 22a to sputter a back

si de pr uREeET 98e W%é?omﬁﬁtﬂhgﬁ%g&k thq Rreces? nzq%f%&@%w%@ﬁfe@qse%% the
first QB;@ﬁltfl]%ds%ng%dhétog?3?19153626gn@&ettfbﬁsﬁarré}ﬂttoﬁélg&r&fe 4tobere§lgééﬁ%lg.t dnyl: S-
Application Serial No. 12/379,428 (Attorney Docket No. 075122/0139) yltled

" Pr ot ecitatde typgarf spteringrsgurcSe miay bPuea, fari exampfe, AdtatmgFA Crma@meaonsCRIFl s"  and
filed on Februar 0, 2009, whi i s hereby. inco rated by reference,
escr i HBAETEHRN GLpBRH TERP Bt cLrs PaB AL TEoL 5 iy h R TEACS | nt o
the prafesges @OtdRwNS E6uldamned addsh fot Sput@ERg e dptidnhltherdr inydre Arerlye@nduct or

| ayer 302, and the transparent top el ectrode 400, respectively. Any

sui t abl e éﬁpe_of sputtering sources may be used, for exanple, rotating AC

magnet rl88a0]" FEnalhy tha Welh $00 Basses into-autp gredulohkh, whete hismadsevpend aHtat i ons
(not S*IHMF #grs;ag&tii%ﬁﬁ, PEES s c%g\&(lgg%gg@ﬁwﬁp&&\ik ggbe added for

sputtering Oonal one or nore

NON-LIMITING WORKING EXAMPLES
[0061] EXAMPLE I

[0062] A non-limiting working example having a structure illustrated in FIG. 5a is obtained
by the following steps. First, a molybdenum barrier layer 201 is deposited over a substrate.
Second, a first transition meal layer 202 is deposited over the molybdenum barrier layer 201
by sputtering from a composite molybdenum and sodium molybdate target. Finally, a CIGS
layer 301 is deposited over the first transition metal layer 202, resulting a structure as shown

in FIG. 5a.

[0063] FIG. 5b shows AES depth profiles of Cu, In, Ga, Se, O and Mo through the film
stack. The interface of the CIGS layer 301 and the first transition metal layer 202 (a sodium-
oxygen-containing molybdenum layer) can be clearly determined by the Cu/In/Ga/Se and Mo

spectra. Similarly, the interface of the first transition metal layer 202 and the Mo layer 201
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[0060] Finally, the web 100 passes into output nodule 21b, where it is

ei ther wound onto the take up spool 31b, or sliced into solar cells using
cutting appansarssd29. NON- LI M TI NG WORKI NG EXAVPLES [ O0@CT/USXAPBBHESE [ 0062]
A non-limting working exanple having a structure illustrated in FIG 5a is

obt ai negd, f First Iy e barrie r 201 is
deposi t éd b&oév%%?l & ﬁlbr}Pl rraq’él%gg?os SR 9 Orxéllge iﬁesﬁs%ﬁn%% {aV%f%? 05%1@
deposi t wah- bm&rngtdxem@w sohgeisesmband 2@ ﬁtohﬁ&’ Bércé@ bxpyersd KRl thidkAds BF @

conposi te rml%gder(lgm and sodi ym no] ybdate target. Finally, a CIGS | ayer 301

i s depddPYRs’ A the depth of JQgnicrasmtorked Brcrpp)y ay shom infdGufb. R a
struct Ucfo%rﬁsth%qﬁMrd tl'c:)h%ye§§()2 hl%?@lgll & If%en%Qo@B@éﬁ 1‘165‘Ea§ %glg%sf ﬂf{ les of

Cu, In, @A, Se, t"hr oug Tmetac eln he Cl GS
| ayer 3@1y1agdpmttee1ng|tmget (ts)anﬁmtSpumemgImramayﬁr 202 (a SOdI unoxygen-
cont ai ni ng nol ybdenum | ayer) can be clearly determ ned by the Cu/ln/ G/ Se

and M the interface of the first transition netal
| ayer 2®§8§ E@%ﬁgyer 201can be clearly determ ned by the AES spectra
of oxygen. The first transition layer 202 of this non-limting exanple

conpr i S@e6syr omnﬁnaﬁn@hg R otkipg ek &fiple@¥ ¥BOWN NI &5 ifobthine& Be e i@flo@ﬁ%und 500
nm (fromthe depth of 1.9 mcronto 2.4 mcron), as showmn 1n FIG .

cour se, St?lﬁe Finst, amqlybdeapm baarierdgrar 200 3s dappsitesaver p substratet 1 09dndaei t | ons

par anet B LSS M b KR R B ob Rl T AR P SRR SPebnds
shown i anﬁﬁt Eansfiion mealBayar 262 isxepbiiedioaikt theinngysdedps: bdﬁhélﬂbyer 20mpkyclenum
barrier ﬁ%’/ﬁ‘%’r 01 is depagsited. over, a substrate 100 by DC sputtering froma

mol ybdeWd en aar?afé?/ o} cpgpPsiicarypdenym idsedpmpmelypdats taspgispundaetond, a
First thadghicispitdiB@lpréd¥RIof2RAnHS -6 /AL, tﬁﬂal?’%ﬁotﬁgﬁn%k&%&ﬁpﬁﬁ%pﬂ i iser
np enum an

| ayer 201 by spu ter| ng froman array of osite sodi um
mol ybdadepositedgoesthedustrtraasitiot enetdl dap 302, aesulignga stesiture as‘shcavmmrit[CBéﬁ mrorr .

Fi naIIy anot | ybdenum | ay. e ited Qyer t first

e ansi 1T ePinonchng G5 B2 BF v ransiBod fleta e 2B RO Shoenves 1oy

Thus, iiAtehosalRQAdpEd Wlt‘h'SBGluﬁi(ﬁilﬂlxglgeﬁ Rehifd the ol yraemih 18RI @5 18dnd BAY &fFe 202 1S
a nol ybdenum | ayer intentionally oped wi t h sodi um and ‘oxygen, while the

nmol ybddikm | ayers 201 and 2 11 are not.
[0066] As shown in FIG. 6b, the SIMS depth profiles indicate that, within the first
transition metal layer 202, the sodium concentration profile positively correlates with the
oxygen concentration profile. Without wishing to be bounded to a particular theory, it is
believed that a greater amount of sodium impurities can be incorporated when the degree of

lattice distortion due to molybdenum oxide is higher.

[0067] The barrier layers 201 and 211 contain substantially less sodium as the denser

molybdenum of layers 201 and 211 acts as effective sodium diffusion barriers.
[0068] EXAMPLE III

[0069] In this non-limiting working example, Samples a through ¢ having structures
illustrated in FIG. 7a are obtained by sputter depositing a first transition meal layer 202 over
a steel web substrate 100, followed by depositing a CIGS layer 301 over the first transition
meal layer 202 and depositing a CdS layer 302 over the CIGS layer 301. The first transition
meal layers 202 of Samples a through c are deposited by sputtering from three a composite
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[ 0066] As shown in FIG 6b, the SIMS depth profiles indicate that, within
the first transition netal |ayer 202, the sodiumconcentration profile

posi tivelwocorweb@ties with the oxygen concentrati on proPCrasS20iob@ss

wi shing to be bounded to a particular theory, it is believed that a greater

ai st or ¢ RRMHTATRI I bRk el RSB EhoRED SRE. SEPREAR 13 5 < 201

and 2 IkWWcaspaitivelyubstantially | ess sodi um as the denser nol ybdenum of
| ayers 201 and 2 11 acts as effective sodiumdiffusion barriers. [0068]

EXAMPL [.006 this non-limtjng working exanple, Sanples a through
¢ havi ﬁ&hi‘hr ufleqj?ﬁ\éé Bmtﬁm ?%@r?%hﬁ’mglmataalf%ogfo%p@nl?f@dth&g»géﬁuﬁ% gown

deposi tjhnggazh i; et Qi -  QVE | te
100, 1 ol aga e LBl i i o IS o SR TR e

| ayer 20pcakimdnetapotion phayoand @€ Of Satems/300) io\geateribanCh@ 1l Sayrgrle BQibd ihen f i r st
transitio al .| s 20 f. . Sanples a thr.ou c a eposi ted .

sput t ergfﬁ%eﬁS?ﬁ}Pﬁgﬁ%a‘%&Sé\yﬁ'ﬁ&?B Vsagﬁwﬂpgﬂgarggaé gﬁﬁm?@ﬁ’&%ﬁﬁ%ﬁ‘éet s at
a sput tigdich@s BRMICraabing thdAhi RnésstoMheamdt thahskidh th&aPBFer 208 n¥ay dfi@d&Qthd he

SI M5 depth profiles through the film stacks of Sanples a through c, as

shown i sedmmodiffusion; fraam et ferst thensitionanetaldlayeri2@g- sodi um concentration in Cl GS
| ayer of Sanple C (with a peak concentration of around 9x1 020 atons/cnB)

is gre t Sample B and in turn greater than that of Sanple A
(wWth Z[bgzgkh%%ﬁ%\gg{“?a ion of around 3x1 020 atons/cnB) . This indicates

that increasing the thickness of the first transition netal |ayer 202 may
enhancd0072 stids working exanpa companet Hee dfficisbcyt ofaokar celbA cortahing apediug02.

[0071] EXA [V 72] This.wor ki ng exanpl.e. conpares  the efficiency of
ol ar | <PP RIGS gt AP g 2 TOBITIIng Sp GuPEEanr iy ERea B LSO Hon- | | m 1 i ng
exanpl &aledtidngl doMRefl IB¢bntathind aldYESS 18%er®0¢ QINEMHaA) Fee DO kaHiume! | B

containing a CIGS | ayer 301 substantially free of sodium [0073] FIG 8

shows a current-voltage plot of solar cells Aand B. Solid line refers to

the 1V [8073e BIG. Sshaws esprrent-vadtagaplet afsdarssls dranddpedold I tefgreto tho T,

whi | e | fer - - al ni Cl GS
ayer S0P Edstodi i) Riedphite f e dlbUEchys BP0t BricRhet i, R |
has an taé {ivcaigneyf {obgr cefl BldonddiningiaglliGs lagertd0y sabghafallyfese of kediumf Ashe
conventional solar cell B (5.4%. . o .

shown in FIG. 8, solar cell A has an ‘efficiency (1) of 11.3%, significantly higher than that of

the conventional solar cell B (5.4%).
[0074] EXAMPLE V

[0075] In this working example, the first transition metal layers 202 of solar cells are
deposited in two sputtering systems, system A and system B, under various sputtering
powers. The y-axis of FIG. 9 refers to efficiency of solar cells, while the x-axis refers to the
sputtering power used. FIG. 9 shows that two different CIGS compositions (Line A and Line
B) are formed over two sodium-containing molybdenum layers sputter deposited under a
different sputtering power to optimize the Na content and maximize efficiency. The
experiment was performed by tuning the sputtering power of the sodium-containing
molybdenum targets while depositing CIGS absorber layer of composition A (in this case
higher Cu content, higher selenium to metal ratios and substrate temperature independently
optimized for this composition). A second CIGS absorber layer of composition B was

deposited using a combination of different CIG targets, lower overall Cu content, lower
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[0074] EXAMPLE V [0075] In this working exanple, the first transition netal
| ayers 202 of solar cells are deposited in two sputtering systens, systemA
and syst ewOBp1umnoen vari ous sputtering powers. The y-axiP€TafS20H0/@30496 r ef er s
to efficiency of solar cells, while the x-axis refers to the sputtering
power u - Fl t ifferent .Cl si.tipps (Line A and
Li ne B) §e§érhéu (g(?nrrgga 1 gé\}g)\rgfsdp %‘%s%r&}%ﬁﬁg‘%rﬁ ué?snlpﬂane%?r@@g%ﬁwgg{}g Ssputter
deposi t esnpusitem. a di fferent sputtering power to optim ze the Na content and
maxi m ze efficiency. The experinment was perfornmed by tuning the sputtering
power °£00I7§l§ &odi.um 0 taif?i ,ng rmI} ybdenum_t ar (ﬂe_ts whi | e depositing C GS
absor bet? &} ef-opfstery theienoy of resylfing slarsesTiingreses mitialbnvegnthehi gher
sel eni uggukieri A ' optim zed
For i e 2 et GG Sa TR &) bR Hoer P e
deposi t Bdtheui wighmgdo bbiboandedrio afpadichifae thenty, @l iSbtlievgé tisat ah opmunvsdalnh  Cu
content, nIcovgllartlsel.eﬁr}:t!?tu.m(tio me%al rtati 0s _and substrate fenperatures

i ndepentfESETHAUSHLT RR19RGI PoFEn the TR SRYHFIBR POV #Fcdonsi st ent | y, t he
efficiency of resulting solar cell increases initially when the sputtering
power i [007BasThe re3iith sheomaaFes. 2hls6 indi@RECHatiGhe dPtiARH PubfeSREHERE Ly POVET .
W thout wi shing to be bounded to a particular theory, it is believed that
an opt i TAYHFERASNSIAE SnseHiee Partiouarisputinsing naeameiprs maynvary fftdesined. sput t er i ng
power is used. [0077] The results shown in FIG 9 also indicate that the
optinmu ttRerd | : - Lfhe. ey r
R A R L R e L LT

t hat t hendghe exmiple(aydesciibed at®vaend illusirated heweirt, bet encbophssens(ysandand t he
exanpl e(s) ..descr.i bed. abogve and [llustrated herein, but enconpasses any and
Y A BRI TR SR w5PRE phibe SBpReg e s saAtl. o1 S RBaoRgFom
exanpl ehe @Rirh$ aRPRRE®REtid, A1 AINRefodistHs AR HPRE ke @R exAQbrd:! nMet hod
steps need be perfornmed in the exact order illustrated or clainmed, but

rat her illpsteatgd erdaimedhat ratheronsny leedep thoyp elowothewromen faiative of eaolacel | s of
the pre pnventl.on, J IS CLAIMED IS: 1. A solar cell, conprising: a
substra‘tsegl;sq%g{hgip?és]stehtelﬂgéé\%%gde | ocat ed over the substrate, wherein the first
el ectrode conprises a first transition netal |ayer containing: (i) an

al kali elenent or an al kali conpound, and (ii) a lattice
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distortion elenent or a lattice distortion conpound; at |east one p-type

sem conduct or absorber | ayer |ocated over the first electrode, wherein the
p-type sewDcorxizeddor absorber |ayer includes a copper i mrdirarseseloansede (ClS)
based alloy material; an n-type sem conductor |ayer |ocated over the p-type

sem CO”Wi—fAWIS??ERi Digqyer; and a second el ectrode | ocated over the
n-type sem conductor layer. 2. The solar cell of claim1, wherein the

transition nmetal of the first transition netal layer is selected froma
group consi st.i dgsaddr detl, codprisang:V, Ti, Nb, and Zr. 3. The solar cell of
claim1, wherein the alkali elenment or alkali conpound is selected froma
group consi stTH§"¥F Li, Na, and K. 4. The solar cell of claim1, wherein

the latti i i t L 1 i 1
e lattice giat Okt 18LREEHMer Yic MB%A@ \%}?]egﬁlp%éﬁﬂf Ll QR de IR zf]ﬁfsé ger

crystal structure different fromthat o irst transition neta
to di stteansitipnpodtyldeyeasicantainimg: (Brniabelicienmdnd of an sikali campowridy andrét)al lattiay er .

5. The lar cell of claj.m erein the lattice distortion elenent or the
latti cedSlS P%iogre??%?{l?(%ﬂ%%h%edéllﬁtgwgo@lCé’&pé’ﬁn rom the group consisting of

oxygen, nit rageRt ok -fype semfdofdhdion abdBrbeXiader lodatéd §vdrds fidt Séfddde., a
sel eni de, or, an organonetal | ic conpound. 6. The solar cell of claiml,

wher ei nvhgrgintthe BHyne sgmicandseionghsarber tayesr instndpy & sepperiidin selanide (GES) al kal i

el enent :§q1 i, .Gompound conprises sodiumand the lattice distortion
corrpounbc?g‘%)drﬁ} t %ltglgﬁdi stortion elenent is selected fromthe group

consi sting ofn wiypgaamidvh@ictaridydvticBitedlover b 5 Bipakeflohd@htorcdbabieblayshier ei n:
t he p-taynge sem conduct or absorber | ayer conprises 0.005 to 1.5 atomc
per cent*sodi um di ffused fromthe first transition nmetal |ayer; andthe first

transition Mpledbnd AXakodc 0PRSS o d-BRRLepRolEb AT cONt M0l ybdenum S

to 40 atom c percent oxygen an .01 atom c percent sodium 8. The
solar cell of claiml, further conprising: an alkali diffusion barrier

| ayer | ocat bet.ween,t he.s trate,and the first transition netal |ayer;
and a secongft r ans1q SOUH Cﬁ]éf’gf%}% eWhFTSH’a'}‘EgaB%?%’éWm? ﬂgthiei FEiransIARgR; ¢ i on
met al | ameriapads tddécted from a group consisting of Mo, W, Ta, V, Ti, Nb, and Zr.

3. The solar cell of claim 1, wherein the alkali element or alkali compound is

selected from a group consisting of Li, Na, and K.

4, The solar cell of claim 1, wherein the lattice distortion element or the lattice
distortion compound has a crystal structure different from that of the first transition metal

layer to distort a polycrystalline lattice of the first transition metal layer.

5. The solar cell of claim 4, wherein the lattice distortion element or the lattice
distortion compound is selected from the group consisting of oxygen, nitrogen, sulfur,

selenium, an oxide, a nitride, a sulfide, a selenide or an organometallic compound.

6. The solar cell of claim 1, wherein the first transition metal layer comprises
molybdenum, the alkali element or alkali compound comprises sodium and the lattice
distortion compound or lattice distortion element is selected from the group consisting of

oxygen, MoO, and MoO:s.

7. The solar cell of claim 6, wherein:
the p-type semiconductor absorber layer comprises 0.005 to 1.5 atomic percent

sodium diffused from the first transition metal layer; and
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p-type sem conductor absorber |ayer, wherein the second transition netal
| ayer that has a higher porosity than the alkali diffusion barrier |ayer
and t he swoand/mo@msiti on nmetal |ayer permts al kali di PCwAiSeoofs@se t he
first transition netal layer into the p-type sem conductor absorber | ayer.

9. A solar ] h {;;gq'] : : fdor lLect ver
t he subst ratctzl,L> lﬁ&%g@gﬁﬁb‘ﬁ e il set§ H@ﬁ%@%&%hggség%ﬁ%%g%%ep ?Igg{}Jb? grg}ﬁ]g’%tt?on
nmet al | Hysomaopdredntorgeearand kAl to 1led etomid patermnodilinal i conmpound; at | east
one p-type sem conductor absorber |ayer |ocated over the first el ectrode,
wherein the g-ty sem co dklrg or 1aF_‘s rber | ayer includes a copper indium
sel enide (CI®) ba %‘Soéefrlctgﬁo HR il o furthgpcqop ‘seni conduct or | ayer | ocated

over the p- tyaPAkAPMIROIRH WAt 185 RIchRA be@Rh thhiBsiats 86PH MRiarikrEds
| ocat ed over the n-type sem conductor |ayer; wherein the first el ectrode

furthermetehioy¢rsard (i) an alkali diffusion barrier |ayer |ocated between

t he substrat KT ansitio tal .l r. and (ii) ,a secopd
transition rralea%egplgq ér‘%}gs}tg norgéttafeféy%@{) \E/\a/et%&nb%{}%fger% EhF g%fgttt?agﬁlélf)fl %‘beﬁglrlr@feéﬁné)%er and
t he p- typpeseriicoadeiiet DsobbsRY O Whe@iitthe sedvad @tafsitibe nfetd 0a\@r tHaBRgI 4 | ONn

nmetal |ayer that has a higher porosity than the alkali diffusion barrier

| ayer dHEherperasey g the alkaki diffisiondhagmicn layes ang therfeeendarangitiondnetaliayesn fr om
the fir ik 1 LR I, N 1.C : r ber

| ayer PRTICHERSE U} AR i (hPHERE rbdbior P WA i OB

di st or tabsorbet leynt or the lattice distortion conpound |located in the first
transition netal |ayer, wherein the a lattice distortion elenent or the

| attice distortion conpound has a crystal structure different fromthat of

the first transithqQpafBliBlomphsihgt 0 distort a polycrystalline lattice of
the first transition netal layer. 11. The solar cell of claim 10, wherein:

t he transitioyubatate] of the first and the second transition netal |ayers is
sel ected i iRt AeQHUIONRe SV gleosqlbé\{tr)dte,\%he-rré’j}h tl}é’ ﬁr-sr{ élec':\tlpdde%rc}gnp%rsés a first

transition metal layer containing an alkali element or an alkali compound;
at least one p-type semiconductor absorber layer located over the first electrode,
wherein the p-type semiconductor absorber layer includes a copper indium selenide (CIS)
based alloy material,
an n-type semiconductor layer located over the p-type semiconductor absorber layer;
and
a second electrode located over the n-type semiconductor layer;
wherein the first electrode further comprises:
(1) an alkali diffusion barrier layer located between the substrate and the first
transition metal layer; and
(i1) a second transition metal layer located between the first transition metal layer
and the p-type semiconductor absorber layer, wherein the second transition metal layer that
has a higher porosity than the alkali diffusion barrier layer and the second transition metal
layer permits alkali diffusion from the first transition metal layer into the p-type

semiconductor absorber layer.

10.  The solar cell of claim 9, further comprising a lattice distortion element or the
lattice distortion compound located in the first transition metal layer, wherein the a lattice

distortion element or the lattice distortion compound has a crystal structure different from
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the al kali elenent or alkali conpound is selected froma group consisting
of Li, Na, and K; and the lattice distortion elenent or the lattice
di storti omocompiooesd i s sel ected fromthe group consi sti RGTAS2@0PEENG
nitrogen, sulfur, selenium an oxide, a nitride, a sulfide, a selenide or

o0, O SO e ATaY A B SRR LTS W RS 11

transi tinetal mytal | ayer has a thickness of 100 to 500 nm and the second
transition netal |ayer has a thickness of 50 to 200 nm 13. The solar cell
of claim1ll, wherein: the alkali diffusion barrier |ayer conprises a

mol ybdenum I ayer ThadolircedWreiadntioalvh¥ef-ee of oxygen; the first transition
metal |ayer conprises at |east 59 atom c percent nol ybdenum 5 to 40 atomic
percent oxygéa tangition ortal of theFirsttanditbe prepudhransitiati metal taigers segdevted fransi t i on

metal | rise e m G, percent nol ybdenumand 1 to 5
atom c éﬁé gﬁ?lqyﬁyéeiﬁ%r}g ?ﬁev’gfkgi" rlfl’l’%‘:tf)usi on barrier layer, the first
transition nm%alkah@%i‘rﬁer@ﬂﬂalkﬁll@c@xﬁ?m is 5AB&kd frof 4Bba c&@ﬁ{nﬁ%?'mrﬁée 1to

20 subl ayers each. 14. A nethod of manufacturing a solar cel conpri si ng:
provi dl"-}*ﬁjj1 agpst r at e; depositing a first el ectrode over the substrate
Wnerelnthe r transition

conpri si ng: %Meﬁ&cee&l%&h O%de??{e;%\{:pr% lt}%qg%%ea ermn CERRATGS nge e(% from tg lattice

di st or tgronp edresiuging o6 bx geehatitiogen, dulfio sdleratme pHdad: efiesh biligeal | east one
p-type sng onduct or absqr ber |ayer over the first el ectrode, wherein the
p-type ¥ IR AN ANCHFEONHEIMPAWEr i ncl udes a copper indi um sel enide (C S)
based all oy material; depositing an n-type sem conductor |ayer over the
p-type sem conductor absorber |ayer; and depositing a second el ectrode over
the n-type sBhi cobuussiarcellayelaim 15, whtreinmet hod of cl ai m 14, wherein:

the alkali diffusion barrier layer has a thickness of 100 to 400 nm;
the first transition metal layer has a thickness of 100 to 500 nm; and

the second transition metal layer has a thickness of 50 to 200 nm.

13. The solar cell of claim 11, wherein:

the alkali diffusion barrier layer comprises a molybdenum layer that is substantially
free of oxygen;

the first transition metal layer comprises at least 59 atomic percent molybdenum, 5 to
40 atomic percent oxygen and 0.01 to 1.5 atomic percent sodium;

the second transition metal layer comprises at least 95 atomic percent molybdenum
and 1 to 5 atomic percent oxygen; and

the alkali diffusion barrier layer, the first transition metal layer and the second

transition metal layer comprise 1 to 20 sublayers each.

14. A method of manufacturing a solar cell, comprising:

providing a substrate;

depositing a first electrode over the substrate wherein the first electrode comprises a
first transition metal layer comprising: (i) an alkali element or an alkali compound, and (ii) a

lattice distortion element or a lattice distortion compound,;
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the transition netal of the first transition netal layer is selected froma
group consisting of Mo, W Ta, V, Ti, Nbo, and Zr; the alkali elenent or

al kal i cowpaondi2iesisel ected froma group consisting of PCI/USa)10@8@5K; and
the lattice distortion elenment or the lattice distortion conpound is

|l ected f ; i.sting.. it |.f i
o oxi de, o arkifingaPiy SAPBLTHL B EondR Seor i RS Bler B st etecEibound.
16. Thewhetinatie pityjd @inmivdiucionabseitier 14ye irfchudss a topms indign seRhk (CE)er

conpri ses <g011ll bdenum the alkali elenment or alkali conpound conprises
sodi um PRL S mpteBalyi st ortion compound or lattice distortion el enent is

sel ected frompblienghR ngﬁé)gb?ﬁiééﬂdﬁgtoﬂ?@é?f%%gh? %{%%Bsggﬁcol}ﬁgﬁor ISR type

sem conduct or absorber layer conprise om Cc percent sodi um
di ffuseldyé amd t he first transition netal layer; and the first transition

netal |ayer conpr.ises at .|east 59 atom ercent nmol ypbdenum 5 to 40 atom c
per cent oxyg%’r?gghagB.SﬁTnfi(??T%rgd%P‘é‘?ﬁﬂ?:e B egﬁ’ﬁm"soé‘é}‘?fﬂ{gi% The met hod of
claim 16, wherein the step of depositing the first el ectrode conpri ses:

deposi ting ars.al kohd méihbl B§claiin Dar wh&eint ayer over the substrate; depositing
the first transition metal |ayer over the alkali diffusion barrier |ayer;
and deposi t i thg transidenmgtal phihsifirstarangigion metal Jayer iastectaddrdm agroup ansi ti on

metal | ?i@ﬁiﬁ%‘gf%gw T #5t ‘?m&%ﬁ conduct or absorber layer. 18. The
clarm17,

met hod o whet ef n’t hé "secdond transition netal |ayer conprises an

oxygen cont ahaalgli elnydndenaikali ayepounddt sdlesedfrbinghg@oup 66:5sting of DaN4 he
al kali diffusion barrier |ayer; sodiumdiffuses fromthe first transition
net al Iaé’;‘; ;30 o t he p-type sem conduct or absorber |ayer through the second

transition mgE alitideANQbridardlderdt IES?t&tl%cféismﬁf%%ﬂggr?%seﬂ)é&f&?fr?m the

sem conduct or absorber layer; and the alkali arrier layer
conpr i ssFsumcansistingnt oxydey, mikpgen stlfwesalaliyindanenidé, aydtrideha slifidelast anti al |y

prevents so(fji um di f f usi Pnl.fromthg first transition netal layer into
selenide or an organometallic compound.

16. The method of claim 15, wherein:

the first transition metal layer comprises molybdenum,;

the alkali element or alkali compound comprises sodium;

the lattice distortion compound or lattice distortion element is selected from the group
consisting of oxygen, MoO; and MoO:s.

the p-type semiconductor absorber layer comprises 0.005 to 1.5 atomic percent
sodium diffused from the first transition metal layer; and

the first transition metal layer comprises at least 59 atomic percent molybdenum, 5 to

40 atomic percent oxygen and 0.01 to 1.5 atomic percent sodium.

17. The method of claim 16, wherein the step of depositing the first electrode
comprises:

depositing an alkali diffusion barrier layer over the substrate;

depositing the first transition metal layer over the alkali diffusion barrier layer; and

depositing a second transition metal layer over the first transition metal layer and

under the p-type semiconductor absorber layer.

18. The method of claim 17, wherein:
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t he substrate through the alkali diffusion barrier layer. 19. The nethod of
claim 18, wherein the steps of depositing the alkali diffusion barrier
| ayer, dewpo=intimgestthe first transition nmetal |ayer and @epamseanoogo4she
second transition nmetal |ayer conprise sputtering the alkali diffusion

barri | - . e C .
the second” tr5 SR LEhilch el tyePlorbifles bt LT Bl oA GR E0' T,
met hod thét hak aihightBporekiey than thidwkalt éiffusion datiier eayieng the first transition

metal |ayer cqnprises sputterjing the first transition nmetal |ayer froma
Larget comprioaly _ ?Sﬁ?‘ﬁﬁh?Jéﬁg{réf}sn?fflmf*ﬁhléyﬁép??dbe BLYRS HHFABUCRRer ei n
the stepshesRiritRioups te\@cddd tﬂnshfoﬁ'}ﬁc‘ftﬁl' 1996 HRHA tﬂeaﬁ)(gf oic&ggﬁliﬁ the p-

I at ast on I r of

sputtering the first transition nmetal [ayer fro e p
sput t ertypgsermacgretuston abdomlgerdaystrfandr ent conposition from each other. 22. The

met hod of claim2. wherein: the at l.east one jr of sputteri targets
are sel act ednt PUSHY ST i v <P mE G T QR B BEb A LBa i
ol y bdaher QFhi &PEibsah Qi yie et ét O&Idiurk iditfusor fréif thd sy RESMURA A¥alR ARGt and
a second sodi um sel eni de, sodium fl uoride, sodium sel enide or sodium

sul f at dhe syhglrate tarough theyalkalidiffysionbpryigtlayeim t ar get and a second sodi um
target in an oxygen containing reactive sputtering system and the at |east
one pair of targets is located in the sane vacuum chanber of a magnetron
sputtering shgst erThezdethdéhef cieinh 08, wihereihahd’tds, of\depoetimyg theRtkatitdffugidn
sputtering the al kali, diffusion barrier |ayer qccurs under a first

sput t erapdeTdaxsrdshAtiHRg the fgsttransitiop secialdayes ape depastting thessrend SANSIWRR t er i ng

SYSt em i fet 154 ERoflorSPURERD the A1€:IPEFHARIN bRARD Iy ePpIRL Al AR nBRGHGD

under a seco sputtering environnment I1n a seco cuum-chanmber o
magnet rmetaklpydrtand isputesingttiasedpfid tramsitiorf metal kaker ihithestanwasputtenichappaeatys. and
the second sputtering environnent differs fromthe first sputtering

envi ronnent jn at..l eas ne .of n _pressyre, .oxygen pressyre,..or nitrogen
pressure. 220 thetsorbed of ofim o W eerBaREs dimor e e iibilhi ng 1 ne
al kal i @étﬁflﬁﬁér%nﬁﬂ%éd lttbrdyeihe FeQ UFasieibn thetD WBfer %ﬁﬁ&t&f%t b&@Eri&ihg step of
sputtering the second transition netal |ayer such that the al kali diffusion
bar ri ersodium molybdate.

21.  The method of claim 19, wherein the step of sputtering the first transition

metal layer comprises sputtering the first transition metal layer from at least one pair of

sputtering targets having a different composition from each other.

22, The method of claim 21, wherein:

the at least one pair of sputtering targets are selected from: (i) a first molybdenum
target and a second sodium molybdate or sodium oxide target; (ii) a first molybdenum oxide
target and a second sodium selenide, sodium fluoride, sodium selenide or sodium sulfate
target; or (iii) a first molybdenum target and a second sodium target in an oxygen containing

reactive sputtering system; and

the at least one pair of targets is located in the same vacuum chamber of a magnetron

sputtering system.

23, The method of claim 19, wherein:
the step of sputtering the alkali diffusion barrier layer occurs under a first sputtering

environment in a first vacuum chamber of a magnetron sputtering system;
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| ayer is in conpressive stress; the step of sputtering the alkali diffusion
barrier layer occurs in an oxygen free atnosphere; and the step of

sputteri nyotzhw/reond transition nmetal |ayer occurs in OTANIYEN3@SAt ai ni ng
at nosphere. 25. The nethod of claim 19, further conprising i ndependently

C.Ont rolli ng_ﬁﬂ@g@ iotfisﬁﬁtef'iﬁg t}?el g%%dﬂd tgégsft%ﬁ!rﬁaa]?ﬁ‘g&io%{:uﬂs §X§ r'a s%g R iting the
first transition netal Tayer and depositing second transrtion netal
| ayer tsputitridgeasiroomentah:a seedndoaetumichanbarafiin magneasodispuntetdgfsystesh i nto t he

at | east..one p-type_sem condyct or absorber layer; and (ii) generate a
vari abl é@ﬂ?ﬁﬂ?‘éﬁ?\ﬁ@ﬁf’a%ﬂhamﬁ’ﬁ’ia& of thickness in the first transition

metal |ayer.thdSGecohd SputRAG @nPirorfthét Mirkéds rOREhE st sﬁﬁ?egﬁfé%ﬁbfr@ﬁxﬁ?ﬁw | ses a

metal lic web substrate; and the steps of depositing the first electrode,
deposi tleasgondef argon pressuraygen gressuse T oitroger pssuabsor ber | ayer, depositing
the n-type sem conductor |ayer, and depositing the second el ectrode

conprise spwteri r onductive layers of the first el ectrode,
the p-type %Sorb@%’ﬁg&;ﬁgg?fgﬁ{ﬁ%-ﬁ’&peere@ém conductor | ayer and one or nore

conducti ve |thyetep o0bputiReing eaikhledigfubioaBerrRy &lyet beusddisitio@bepriessure than
correspondi ng_process nodules of a plurality of independently isol ated,
connecttgstsP S sukterng thesscend: trnsitionmacirl layervaeh ihal thaplkal dyfessembartipe

metal | i .S m an i nput nodule to an out put nodul e through the
pl ural iltgg/&géjlrﬁér?gg%éesﬁ erﬁrﬁ%’i sol at ed, connected process nodul es such that

t he web subshe step of smitiering tisel alkaixdiéfnsion bawier tdyer ocvuts inrnditlygert fred he out put
nodul e whi | Egssé ng through the plurality of the independently isolated,
connect%oﬁﬁ 8% npdul es. 27. A solar cell, conprising: a substrate; a

transparent gt eeh bOSRutlcARRHRAOMRT trd3RioRUYRSAINA) & 0calts i &Y 8Tt tor
| ayer | ocated ovfér %ﬁle et rgnspaer ent reI elct r ode; Q%t 0Iceagt ong)?ypg-%t ypegmch

sem coradmosphereabsor ber | ayer | ocated over the n-type sem conductor |ayer,
wherein the p-type sem conductor absorber |ayer includes a copper

25.  The method of claim 19, further comprising independently controlling
depositing the alkali diffusion barrier layer, depositing the first transition metal layer and
depositing the second transition metal layer to at least one of:

(1) control an amount of sodium diffused into the at least one p-type semiconductor

absorber layer; and

(i1) generate a variable sodium content as a function of thickness in the first transition

metal layer.

26. The method of claim 14, wherein:

the substrate comprises a metallic web substrate; and

the steps of depositing the first electrode, depositing the at least one p-type
semiconductor absorber layer, depositing the n-type semiconductor layer, and depositing the
second electrode comprise sputtering one or more conductive layers of the first electrode, the
p-type absorber layer, the n-type semiconductor layer and one or more conductive layers of
the second electrode over the substrate in corresponding process modules of a plurality of
independently isolated, connected process modules without breaking vacuum, while passing
the metallic web substrate from an input module to an output module through the plurality of
independently isolated, connected process modules such that the web substrate continuously
extends from the input module to the output module while passing through the plurality of the

independently isolated, connected process modules.
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i ndi um sel enide (CI'S) based alloy material; and a second el ectrode | ocated
over the at |east one p-type sem conductor absorber |ayer, wherein the
second elwotnodeosonpri ses a first transition netal |ayecTaseaiaiosisng: (i)
an alkali elenent or an al kali conmpound, and (ii) a lattice distortion

ellement or &7 att) ¢HaflLdt AhpAGngompound.

a substrate;

a transparent electrode located over the substrate;

an n-type semiconductor layer located over the transparent electrode;

at least one p-type semiconductor absorber layer located over the n-type
semiconductor layer, wherein the p-type semiconductor absorber layer includes a copper
indium selenide (CIS) based alloy material; and

a second electrode located over the at least one p-type semiconductor absorber layer,
wherein the second electrode comprises a first transition metal layer containing: (i) an alkali

element or an alkali compound, and (ii) a lattice distortion element or a lattice distortion

compound.
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