METHODS OF TREATING A SEMICONDUCTOR LAYER BACKGROUND [0001]The invention
generally relates to methods for treating a semiconductor layer. More particularly, the invention relates
to methods for treating a semiconductor layer used in thin-film photovoltaic devices. [0002]Thin film
photovoltaic devices typically include a plurality of semiconductor layers disposed on a transparent
substrate, wherein a first semiconductor layer serves as a window layer and a second semiconductor

layer serves as an abswlrl_lﬁyﬁrs ESEEFWEQ?W\II&V (ﬁ (%lﬂﬁ)oﬁo]e t noﬁﬁolar radiation to the
absorber layer, where the optical energy 1S conver 0 usable electrical energy. In certain

configurations, thin film photovoltaic devices may further include an additional semiconductor layer
interposed between the window layer and the absorber layer that may function as an intrinsic layer.
Cadmium telluride/cadmium sulfide (CdTe/CdS) heterojunction-based photovoltaic devices are one
such examplg Qf imrithsplar cells, where a cadmium telluride (CdTe)-based semiconductor layer
may function as an intrinsic layer or an absorber layer. [0003]However, CdTe-based photovoltaic

devices typlia%geemonst e relative L;Iow govg?%%,conversmn eff|(:|e %ﬁ V,g?“(:h may be attributed to
a relatively | n circu olté]ée ?i %) iR felation & Pttgsoaﬁod gg'ﬁ e}fgﬁ chis due, in
part, to the leengttactiocassier. cMa>¢eptraﬂmﬂuﬂpdﬂshmbmhtmtitylmsrmrﬁ&ttmﬂe fior Gddend=tfective
carrier concentration of CdTe ma\é e imprayed @Itrflf?g\ﬁlth ‘Et) type dopants. [0004]Further issues

with mprovn%%co Vit Eridid %tt&lgli%\{gloﬁ) e the high work function of CdTe and

high back-contact resistance at the interface between CdTe and metal-based back contact layer. The
back-contact(e@Mtance mByibefitnprohetbbylincredeimesshéyraenkty corbeditragioplataiiie balck interface.

For example eﬁ%rc%ﬁ)dw& Cﬂa@@r@a&%ﬁ%‘ @Crggsigg t@ﬁs‘f%@fﬁr substrate, wherein a first

semiconductor layer serves as a window layer and a second semiconductor layer
serves as an absorber layer. The window layer allows the penetration of solar
radiation to the absorber layer, where the optical energy is converted to usable
electrical energy. In certain configurations, thin film photovoltaic devices may
further include an additional semiconductor layer interposed between the window
layer and the absorber layer that may function as an intrinsic layer. Cadmium
telluride/cadmium sulfide (CdTe/CdS) heterojunction-based photovoltaic devices are
one such example of thin film solar cells, where a cadmium telluride (CdTe)-based

semiconductor layer may function as an intrinsic layer or an absorber layer.

[0003] However, CdTe-based photovoltaic devices typically demonstrate
relatively low power conversion efficiencies, which may be attributed to a relatively
low open circuit voltage (Vo) in relation to the band gap of the material which is due,
in part, to the low effective carrier concentration and short minority carrier lifetime in
CdTe. Effective carrier concentration of CdTe may be improved by doping with p-

type dopants.

[0004] Further issues with improving the device efficiency of CdTe solar cells
include the high work function of CdTe and high back-contact resistance at the
interface between CdTe and metal-based back contact layer. The back-contact
resistance may be improved by increasing the carrier concentration at the back

interface.  For example, for a p-type CdTe material, increasing the carrier



concentration amounts to increasing the p-type carriers in the CdTe material to form an "ohmic contact
layer" on the backside of the CdTe layer, which is in contact with the back contact layer. [0005]Typical
methods employed to form the ohmic layers or for doping the absorber layer include etching of the
CdTe layers and incorporation of copper into back-end of line processing of the absorber layer.
However, it may be difficult to control the amount of copper incorporated in the bulk and in the back

interface, using a typical CdTe praocessing method. Further, photovolt evices manufactured using
the typical niSGAC R R A o e e Ko Rbt I B e S R e iversely
affect the long-tetmstabiityctHaythémonate, letckint of tthe CdTe layar whin convemiiacaivédching agents
may lead to {EQE)%%E' %f F%i;l'a material from the surface, and selective etching of grain boundaries,
resulting in intreased defec s.yTBOO6]Thus, there is a need for improved methods of processing

semiconductor layers. Further, there is a need for improved photovoltaic device configurations

including thd@@ﬁ]eonductﬁméﬁé@egﬂ%lﬁf@@%ﬁ P TON tFohipie R yENTT G C.EQB'@TE]_EMbodiments
of the presen, iyROtoN &6 PRYddadHia MsetHheserandyritelRegds Bngi P dipsit i5g method for

treating a semiconductor layer including a semiconductor material, wherein the semiconductor material

includes a chafkogitchioleliTh @roeatioei ot Here ssontat dreht 188t PorfidnaoT bedsdietidoftiuctor
material Wi”k@n%ﬁﬁ@&%@ﬁﬂ?ﬁ%ﬂb%ﬁ%ﬁb@&@@% {RElHEgSRIiIne IRt HRRRIN R

semiconductor layer by introducing a dopant into the semiconductor material; and forming-a
chalcogen-righyitigib & dilisePrreentiagurgibpdn dlvadsorhatay A taEcandasgieniiagiared mysehductor

layer, the segpng reaiomchding 3 HRRRRL t@‘ieé@ﬁ%@é’&{?e% AR L£AGRAFALOR B dhe dopant in
0

the second region is greater than an average atomic concentration of the dopant in the first region.

[0008]0ne efbbatrrels aieréthed T8 tieat sgildamidonisierdasishing obithy §Ebmrsiductor
material, whete{n the semispndddiamaigiaing/udss & GRalsogeside tbemetiedingludes

contacting at least a portion of the semiconductor . o
surface, and selective etching of grain boundaries, resulting in increased defects.

[0006] Thus, there is a need for improved methods of processing
semiconductor layers. Further, there is a need for improved photovoltaic device

configurations including the semiconductor layers.
BRIEF DESCRIPTION OF THE INVENTION

[0007] Embodiments of the present invention are provided to meet these and
other needs. One embodiment is a method for treating a semiconductor layer
including a semiconductor material, wherein the semiconductor material includes a
chalcogenide. The method includes contacting at least a portion of the semiconductor
material with a passivating agent. The method further includes forming a first region
in the semiconductor layer by introducing a dopant into the semiconductor material;
and forming a chalcogen-rich region. The method further includes forming a second
region in the semiconductor layer, the second region including a dopant, wherein an
average atomic concentration of the dopant in the second region is greater than an

average atomic concentration of the dopant in the first region.

[0008] One embodiment is a method for treating a semiconductor layer
including a semiconductor material, wherein the semiconductor material includes a

chalcogenide. The method includes contacting at least a portion of the semiconductor



material with a passivating agent. The method further includes forming a first region in the
semiconductor layer by introducing copper into the semiconductor material; and forming a
chalcogen-rich region. The method further includes forming a second region in the semiconductor
layer, the second region including copper, wherein an average atomic concentration of copper in the
second region is greater than an average atomic concentration of the copper in the first region.
[0009]0One errgggdime%i% aametlgtogl f%r tB aLilﬂ%a %ﬁ)m(i{;gur#gn%crtonrclla gr' cM%n%?rs§@icogductor
material, wherein the semiConductor material includes a cha colgerllll & The' od incades contacting
at least a ponigheof¢hecsahicamdagtorbmaterialuwitly acp@ssiviatnghagenticbindutrtethoc thrrtier includes

forming a first region.in the,semiconductor la er,P%/ introduci dopant into the semiconductor
aterial The B R et T O S porton
of the semicorglactor thatsralomittuatchéapécaltbg eatpnh erginnthectidngcalggentvbenaprises iodine.

The method further includes forminl%a sec&;nd region in the semiconductor Ia}(er thﬁlsecond region
. . Vere#ﬁe al‘;]omlc concentration cc():p in_the . seco realon 1st. ﬁa]t’er an cfm . .
including a daopa , whereln an average atomic concentration of the dopant iri the second region is

greater thanaeragemgeiatornicooacentrbtiencoppheidopafitinrtggofirst region. [0010]One embodiment
is a method for treating a semiconductor layer including a semiconductor material, wherein the

semiconduct[%gg?terial in@ngeé@Dgﬁgll&ggg@idae.Iﬁ'gﬁd@efgpqr@%%ea c&rﬁtl%m&g{e%};é? portion of

the semiconductor material with a passivating agent. The method further includes formirig a first region

in the semicaifdudiieg myemispiitveticing eippampintbesssrisduetor matinl ifHedgsethod further
includes formping. g.efRIc0ga- HEhHEI IR CABLIRG at [eastARAHAN PiHbeseMIcARdYFtor material

with a chemical agent, wherein the chemical agent comprises iodine. The method further includes
forming a seB@HIIFYIHH MRrsizaiisssauctdhayesthed lssdshdnedudsh ineniamy EuppesiWherein an

average atomiGROQCERIAIARRT IG9RPEY i&%&ﬁﬁ%”ﬂd&ﬁﬂﬁﬂﬁ&Eﬁ@%%rrﬁﬁ%lﬂ(ﬁ{&t%}‘%&‘%iéﬁomic

concentration of the (;P%{) er in the first region. [001 t)ig)ne embodiment is a method for treating a

semiconductbradyeth, Ry ansbiffsdRauEISrshfReeRICTIVHERCTRSINE BEFIEGHAGSF Ifdtefial includes

a chalcogenidgThe Mathedinchdas:sPMACHNg atigastReRALPALNhNG AeRicARduFghinaterial with a
passivating agent. The method further includes introducing a dopant into the semiconductor material.

The method 3R &OMeritfed 18ising Bechalbed duHbe iagI8AHy YoNRE AT RN A2EIQH BB of the

semiconductermaterirtyvith gehamicalsgentuhiersindbn chenigRINHcOMRIses dpdine.
[0012]One embodiment is a method for treating a semiconductor layer including a semiconductor
material, whai@ii¢Heresnitsivuetonmdnial McgeserdrBgeiigcniss Hathdl ieldaes forming a

chalcogen-righy raeigshBynaANRCINhatlgAsk MRAEIARQEBssemiconductor material with a chemical
agent, wherein the chemical agent comprises iodine. The method further includes introducing a dopant

It the e reg e L e TP e A et of e arh . 2emiggguctor fayer
including a semiconductor material, wherein the semiconductor material includes a
chalcogenide. The method incudes contacting at least a portion of the semiconductor
material with a passivating agent. The method further includes forming a first region
in the semiconductor layer by introducing copper into the semiconductor material.

The method further includes forming a chalcogen-rich region by contacting at least a
portion of the semiconductor material with a chemical agent, wherein the chemical
agent comprises iodine. The method further includes forming a second region in the
semiconductor layer, the second region including copper, wherein an average atomic

concentration of copper in the second region is greater than an average atomic

concentration of the copper in the first region.

[0011] One embodiment is a method for treating a semiconductor layer

including a semiconductor material, wherein the semiconductor material includes a



including a semiconductor material. The method includes contacting at least a portion of the
semiconductor material with a chemical agent, wherein the chemical agent comprises iodine. The
method further includes contacting at least a portion of the semiconductor material with copper.
[0014]0One embodiment is a method for treating a semiconductor layer including a semiconductor
material. The method includes contacting at least a portion of the semiconductor material with a
chemical ageFt wherle(in t cheq?liggliagéa&t cogggiges a ?netﬁl halige. nglimethod further includes

contacting at gg:sﬁ%npo?tion 5f'the 'Semiconductor materal With (f:)rplgﬁ f %]Sarﬁltlecgrln (C)t(ﬁllrment isa

method for treatitnglansdmiqensivetorzlagentindlhding thst fiuicberdincloden aterialucihg anipad includes

contacting al |eagt 2 poriion pLine semiconduetor matgrialwiin aellurium.eprching chemical agent to
form a tellurium-rich region, wherein t eatéllurlum-ennchlng chemical agent comprises fodine.

DRAWING S0 X6fide $y andtotheg faatierss, appaots, ahdhadsantagesmabthepresg nvitvention will
become betteﬁeundelrgtoog wﬁen.th%foll}owin detai][ed descrig)'{ié)dl ig, read with reference to the

C 1Ca en erein 1 agent comprise 1ne. . .
accompanying H}awmés, wherem: 001 Tll—jllg. 1 I§A side Bross-section view of a semiconductor layer,

according to some embodiments of the invention.
[0012] One embodiment is a method for treating a semiconductor layer

including a semiconductor material, wherein the semiconductor material includes a
chalcogenide. The method includes forming a chalcogen-rich region by contacting at
least a portion of the semiconductor material with a chemical agent, wherein the
chemical agent comprises iodine. The method further includes introducing a dopant

into the chalcogen-rich region.

[0013] One embodiment is a method for treating a semiconductor layer
including a semiconductor material. The method includes contacting at least a portion
of the semiconductor material with a chemical agent, wherein the chemical agent
comprises iodine. The method further includes contacting at least a portion of the

semiconductor material with copper.

[0014] One embodiment is a method for treating a semiconductor layer
including a semiconductor material. The method includes contacting at least a portion
of the semiconductor material with a chemical agent, wherein the chemical agent
comprises a metal halide. The method further includes contacting at least a portion of

the semiconductor material with copper.

[0015] One embodiment is a method for treating a semiconductor layer
including a semiconductor material. The method includes contacting at least a portion
of the semiconductor material with a tellurium-enriching chemical agent to form a
tellurium-rich region, wherein the tellurium-enriching chemical agent comprises

1odine.



[0018]Fig. 2 is a side cross-section view of a semiconductor layer, according to some embodiments of
the invention. [0019]Fig. 3 is a flow-chart of a method for treating a semiconductor layer, according to
some embodiments of the invention. [0020]Fig. 4 is a flow-chart of a method for treating a
semiconductor layer, according to some embodiments of the invention. [0021]Fig. 5 is a flow-chart of a
method for treating a semiconductor layer, according to some embodiments of the invention.
[0022]Fig. 65@[ \ﬂ(jggart of a method for treating a semiconductor layer, according to some
embodiments of the invention. [0023]Fig. 7 is a flow-chart of a method for treating a semiconductor
layer,

Y [0016] These and other features, aspects, and advantages of the present

invention will become better understood when the following detailed description is

read with reference to the accompanying drawings, wherein:

[0017] Fig. 1 is a side cross-section view of a semiconductor layer, according

to some embodiments of the invention.

[0018] Fig. 2 is a side cross-section view of a semiconductor layer, according

to some embodiments of the invention.

[0019] Fig. 3 is a flow-chart of a method for treating a semiconductor layer,

according to some embodiments of the invention.

[0020] Fig. 4 is a flow-chart of a method for treating a semiconductor layer,

according to some embodiments of the invention.

[0021] Fig. 5 is a flow-chart of a method for treating a semiconductor layer,

according to some embodiments of the invention.

[0022] Fig. 6 is a flow-chart of a method for treating a semiconductor layer,

according to some embodiments of the invention.

[0023] Fig. 7 is a flow-chart of a method for treating a semiconductor layer,

according to some embodiments of the invention.

[0024] Fig. 8 is a side cross-section view of a photovoltaic device, according

to some embodiments of the invention.

[0025] Fig. 9 is a side cross-section view of a photovoltaic device, according

to some embodiments of the invention.

[0026] Fig. 10 is a plot of current density versus voltage for a photovoltaic

device, according to some embodiments of the invention.



according to some embodiments of the invention. [0024]Fig. 8 is a side cross-section view of a
photovoltaic device, according to some embodiments of the invention. [0025]Fig. 9 is a side
cross-section view of a photovoltaic device, according to some embodiments of the invention.
[0026]Fig. 10 is a plot of current density versus voltage for a photovoltaic device, according to some
embodiments of the invention [0027]Fig 11 is plot of efficiency versus accelerated life testing (ALT)

hours for a F\’f@ oltaic d accordance with m[edeln% di menﬁ the invention and
|

1en acceler estin
a comparative $ample. [002 |g 1@ ows & Effect of tréatment cond |ons eel?Pmency

for a photovoltalc devices prepared in accordance with some embodiments of the

invention and a comparative sample.

[0028] Fig. 12 shows the effect of treatment conditions on the efficiency,

according to some embodiments of the invention.

[0029] Fig. 13 shows the effect of treatment conditions on the efficiency,

according to some embodiments of the invention.

[0030] Fig. 14 shows the effect of treatment conditions on the efficiency,

according to some embodiments of the invention.

[0031] Fig. 15 shows the effect of treatment conditions on the efficiency,

according to some embodiments of the invention.

[0032] Fig. 16 shows the effect of treatment conditions on the efficiency,

according to some embodiments of the invention.
[0033] Fig. 17A is a scanning electron micrograph of an untreated CdTe layer.

[0034] Fig. 17B is a scanning electron micrograph of a CdTe layer treated

with a tellurium-enriching chemical agent.
[0035] Fig. 18A is an XPS profile of an untreated CdTe layer.

[0036] Fig. 18B is an XPS profile of a CdTe layer, according to some

embodiments of the invention.

[0037] Fig. 19 shows the presence of elemental tellurium in tellurium-rich
region

[0038] Fig. 20 is a micrograph showing the formation of tellurium-rich region.
[0039] Fig. 21 is a micrograph showing the formation of tellurium-rich region.



according to some embodiments of the invention. [0029]Fig. 13 shows the effect of treatment
conditions on the efficiency, according to some embodiments of the invention. [0030]Fig. 14 shows the
effect of treatment conditions on the efficiency, according to some embodiments of the invention.
[0031]Fig. 15 shows the effect of treatment conditions on the efficiency, according to some
embodiments of the invention. [0032]Fig. 16 shows the effect of treatment conditions on the efficiency,
according to embodjments.of tli'e invention. [00 %,Fi . 17A is a scanning elect icrograph of
an untreateo[é,ag?ll Iayer.dﬂgé34 |g.S 9§Sis%£%c§%‘[no|ﬁ§a eg%ln rrﬁlflgrsogsrg%#gfgg?gd#g%{f/grtr(gatepd
concentration profiles of iodine atoms in CdTe samples prepared in accordance with

some embodiments of the invention and a comparative sample.

[0041] Fig. 23 A shows the concentration of copper as a function of depth for a

treated CdTe layer, according to some embodiments of the invention.

[0042] Fig. 23B shows the concentration of copper as a function of depth for a

treated CdTe layer, according to some embodiments of the invention.

[0043] Fig. 23C shows the concentration of copper as a function of depth for a

treated CdTe layer, according to some embodiments of the invention.

[0044] Fig. 23D shows the concentration of copper as a function of depth for a

treated CdTe layer, according to some embodiments of the invention.

[0045] Fig. 23E shows the concentration of copper as a function of depth for a

treated CdTe layer, according to some embodiments of the invention.

[0046] Fig. 23F shows the concentration of copper as a function of depth for a

treated CdTe layer, according to some embodiments of the invention.

[0047] Fig. 24 shows the effect of treatment conditions on the efficiency,

according to some embodiments of the invention.
DETAILED DESCRIPTION

[0048] Some of the embodiments of the invention include methods for treating
a semiconductor layer. More particularly, the invention relates to methods for treating

a semiconductor layer used in thin-film photovoltaic devices.

[0049] As noted earlier, the conventional methods of making photovoltaic
devices typically include etching and introduction of copper at the back-end line
processing. However, it may be difficult to control the amount of copper incorporated
in the bulk and in the back interface, using a typical CdTe processing method.

Further, photovoltaic devices manufactured using the typical methods may include a



with a tellurium-enriching chemical agent. [0035]Fig. 18A is an XPS profile of an untreated CdTe layer.
[0036]Fig. 18B is an XPS profile of a CdTe layer, according to some embodiments of the invention.
[0037]Fig. 19 shows the presence of elemental tellurium in tellurium-rich region [0038]Fig. 20 is a
micrograph showing the formation of tellurium-rich region. [0039]Fig. 21 is a micrograph showing the
formation of tellurium-rich region. [0040]Fig. 22 shows the secondary ion mass spectrometry (SIMS)

concentraton, proiga.etioding stamsn.Cole SAmAlas BIERA/ed I R55IHNCR.YMh 29005
embodiments of thé mvention and a comparative sam
stability.  Furthermore, etching may lead to grain boundary modification and
electrical shunting. Embodiments of the invention described herein address the noted
shortcomings of the state of the art. Embodiments of the present invention

advantageously provide for efficient and stable photovoltaic devices, and methods of

making these.

[Pl

[0050] In the following specification and the claims, the singular forms “a
“an” and “the” include plural referents unless the context clearly dictates otherwise.
As used herein, the term “or” is not meant to be exclusive and refers to at least one of
the referenced components being present and includes instances in which a
combination of the referenced components may be present, unless the context clearly

dictates otherwise.

[0051] Approximating language, as used herein throughout the specification
and claims, may be applied to modify any quantitative representation that could
permissibly vary without resulting in a change in the basic function to which it is
related. Accordingly, a value modified by a term or terms, such as “about”, and
“substantially” is not to be limited to the precise value specified. In some instances,
the approximating language may correspond to the precision of an instrument for
measuring the value. Here and throughout the specification and claims, range
limitations may be combined and/or interchanged, such ranges are identified and
include all the sub-ranges contained therein unless context or language indicates

otherwise.

[0052] The terms “transparent region” and “transparent layer” as used herein,
refer to a region or a layer that allows an average transmission of at least 70% of
incident electromagnetic radiation having a wavelength in a range from about 300 nm
to about 850 nm. As used herein, the term “disposed on” refers to layers disposed
directly in contact with each other or indirectly by having intervening layers

therebetween, unless otherwise specifically indicated.



[0041]Fig. 23A shows the concentration of copper as a function of depth for a treated CdTe layer,
according to some embodiments of the invention. [0042]Fig. 23B shows the concentration of copper as
a function of depth for a treated CdTe layer, according to some embodiments of the invention.
[0043]Fig. 23C shows the concentration of copper as a function of depth for a treated CdTe layer,
according to some embodiments of the invention. [0044]Fig. 23D shows the concentration of copper

100451Fig. 2L 2hows the THoQE o LD e at SR on o SoBRR 0 B AtSc AL ayer

according tolsoine ponthadinfehts sehilvenduetutiday$004 6Nfigsea3te shalwsatheéncdimeenpiatsicalbf copper as
a function Ofc%%Pat& fv%rtﬁla suitable contacting material, such as, for example, a passivating agent,
a chemical agent, a dopant source, a contacting composition, a metal salt, or
combinations thereof. In some embodiments, a surface of the semiconductor layer
may be contacted with the suitable contacting material, for example using a surface
treatment technique. In some other embodiments, a substantial portion of the
semiconductor layer may be contacting with a suitable contacting material, for

example, using an immersion treatment.

[0054] In the specification, drawings, and in the claims, the embodiments
related to the methods are not limited by a particular sequence of steps, unless the
context clearly indicates otherwise. Thus, in some embodiments, two or more of the
steps of a method may be performed simultaneously. Alternatively, in some other
embodiments, two or more of the steps of a method may be performed sequentially.
Further, in the following specification, drawings, and in the claims, the embodiments
related to the methods are not limited to the order of appearance of the steps in the
claims, drawings, or in the specification. Thus, by way of example, in embodiments
including steps (a), (b), and (c), the step (c) may be performed simultaneously with,
prior to, or after the step (b). Further, in some embodiments, step (a) may be
performed after step (b) or after step (c). In some other embodiments, all the three

steps (a), (b), and (c) may be performed simultaneously.

[0055] As discussed in detail below, some embodiments of the invention are
directed to methods for treating a semiconductor layer including a chalcogenide
semiconductor material. The term ‘“semiconductor layer” as used herein refers to a
layer of semiconductor material that may be further disposed on one or more other
layers. In some embodiments, the semiconductor layer is a component of a
photovoltaic device. In some embodiments, the semiconductor layer includes an
absorber layer. The term “absorber layer” as used herein refers to a semiconducting

layer wherein the solar radiation is absorbed.



treated CdTe layer, according to some embodiments of the invention. [0047]Fig. 24 shows the effect of
treatment conditions on the efficiency, according to some embodiments of the invention. DETAILED
DESCRIPTION [0048]Some of the embodiments of the invention include methods for treating a
semiconductor layer. More patrticularly, the invention relates to methods for treating a semiconductor
layer used in thin-film photovoltaic devices. [0049]As noted earlier, the conventional methods of

making phot ic devicxlaisl tytgicallyC ﬁnilude et(gchinsq Ssré% iﬁg%{ju%iﬁ%?s% copper at th ct)) gk-end line

. . T . cogenidae ompQung. .
processing. However, it may & difiicult to'eantrol the ‘Amoun o]f'copper mcorpoPaQte in'the bulk and in

the back intdefateyngsthgleoiygmicaldCd Teaproce ssiugropetiode Elertiear, phltavohaiclddaoges”
manufactured using the typical methods may inglude a high copper content at the back-interface,
hich may a0E s e e o s e o G B ey
modification @dchelecttidalsie ntimgnesnbo dielemideof therénve ntttinrdésclibed fedeideaddness the noted
shortcomingg, ff {1e taie efihe arl Embediments.alhe present vention adyantagggsly provide for
efficient and Stable pho ovoltaic (?ewcés, and methods o maiqngt ése.TOS(? 6]]]In the ofowing
specificationsatdlthenelzims sth8dsingmlasdbiides Tedd "arfidn ddtmetlincludetpliwadecfardemtsnunless the

context clearly,dictatas oibetuisg, A4S Hegd HRLe. B M gr s 9L meaNlo b gxglusiye and refers

to at least one o the referénce components being presént and Includés instances In which a
combinationwith&agfare tezddomijeneamsanmagnbepe semicanibssothmaentdxtrolyably dicthtes
otherwise. alone or in combination. Further, these materials may be present in more than one
layer, each layer having different type of semiconductor material or having
combinations of the materials in separate layers. In certain embodiments, the
semiconductor layer includes cadmium telluride (CdTe). In certain embodiments, the

semiconductor layer includes p-type cadmium telluride (CdTe).

[0057] In accordance with one embodiment of the invention, a method for
treating the semiconductor layer is presented. The method, in accordance with some
embodiments of the invention, is further described with reference to Figures 1-3. Fig.
1 illustrates a side cross-sectional view of an untreated semiconductor layer 110
including a semiconductor material, as described hereinabove. Fig. 2 illustrates a side
cross-sectional view of a treated semiconductor layer 110, in accordance with some
embodiments of the invention. Fig. 3 illustrates a flow-chart of an exemplary
embodiment for a method 10 of treating a semiconductor layer 110. It should be
noted, in some embodiments, two or more of the steps in Fig. 3 may be performed
simultaneously. Further, in some embodiments, two or more of the steps in Fig. 3,
may be performed sequentially, and the method may not be limited by the order of

appearance of steps.

[0058] In some embodiments, the method includes, at step 11, contacting at
least a portion of the semiconductor material with a passivating agent. The term
“passivating agent” as used herein refers to an agent capable of altering the physical
or compositional characteristics of the semiconductor layer resulting in improved
device performance. In some embodiments, the passivating agent may allow for

removing defect states along the grain boundaries. In some embodiments, for

10



[0051]Approximating language, as used herein throughout the specification and claims, may be
applied to modify any quantitative representation that could permissibly vary without resulting in a
change in the basic function to which it is related. Accordingly, a value modified by a term or terms,
such as "about", and "substantially" is not to be limited to the precise value specified. In some
instances, the approximating language may correspond to the precision of an instrument for

measuring the valye. Here and throughout the specification and claims, r ljnitatjo ay be
combined st He AR LU T AT S e e b A Qe iaimed

therein unlessyeontexXidi/(atihubge dnohoates! bik elwvises,[ 006 2jidbdi terans itpamsphnaatfregion™” and
"transparent layer" as used herein, refer to a region or a layer that allows an average transmission of

at least 70%ghiggident electromaonstic radiafien having.awayelengthiniasange fram,aRgut 300 nm

to about 850 nm. As used herein, the term "disposed on" refers to layers disposed directly in contact
with each othklosidindidcty: b hewingritedvaaig hyensthnskarativstilersastontaanissst specifically

indicated. [00RRLENG GEMENGOMAELHAY nRlieRAN e S HSeh RGN ME BRRINGh &Rk portion of

the semiconductor layer is exposed to, such as, in direct physical contact with a suitable contacting
material, suclseforlexephisiecrabodsaicvating agehnena dhepicamigerigddoparsdure® &ontacting

composition,aagtal 53t LrGAMBINaeNSJORreofn Same GRRAANERALS 42 ]?b'ﬂfi%ﬁe of the
semiconductor layer may be contacted with the suitable contacting material, for example using a
surface treatiPiFaREHHRUBARTISbME hn Eedstbodirdedtd; 3aabstantial portion of the semiconductor

layer may be contacting with a suitable contacting material, for example, using an immersion

treatment. [QOBAYN the spacifisatianmesamisgs, anddRher cairas:iHie.enhadinenisialated to the
methods are not limited by a particular sequence of steps, unless the context clearly indicates

otherwise. THURISAPIYRY EratSHhTEs Rﬁ@ﬁﬁﬂﬁ&é&?f‘fﬁé‘%b%“”ﬁ%@thﬁﬁ HeiBEbefformed

simultaneoushmAbginatiMalitsinigo matateehembagimenidwerirmale dsthp slers meawethod may
be performed sequentially. Further, in the following specification, drawings, and in the claims, the

embodimentrSRHAGHBHE IFthdROHESE HR%ETHS AT GRS M IHh R AL VRLHNS in the
claims, drawdggiss. or imtheosRecéigbdidinehbyls thy Wayt otexaneale, sReNMhedirenisinstidng steps (a),
(b), and (c), the step (c) ay_beﬁerforme simultaneously with, prior to, or after the step (b). Further,

in some emBYBHIBRTEUERR AV MRS SI5® SarfsyMAst et LaY b)POFinte iy @IS QIR Bther

embodimentsagdtidiedvitieRespaps @infygaind (c) may be performed simultaneously. [0055]As
discussed in detail below, some embodiments of the invention are directed to methods for treating a

semlconduc(i%gal)ﬁer mcluﬂlljn%oam %h%lr%%ggﬂhd% t%e@fgo}qgatgctoga%aet&n%légh@ ?ééporﬁ% L;:a?ngluctor layer
as used herein refers to a layer of semiconductor material that may be further disposed on one or
more other layepsrdtusometeimbaodinn@atSrine sdmicop@uciOr layetbisua citpthentlaf agphotovoltaic

device. In some embodiments, the semiconductor layer includes an absorber layer. The term
vabsorber fa IR SUTIERY HEFeHs PeSral Bt SR oA Jalled HREUBRG. SO AFAHEn s

absorbed. from about 350 °C to about 450 °C. In some embodiments, the heat treatment step is
performed for a time duration within a range from about 1 minute to about 60
minutes. In some embodiments, the heat treatment step is performed for a time
duration within a range from about 10 minutes to about 45 minutes. In some
embodiments, the heat treatment step is performed in an inert environment. In some
other embodiments, the heat treatment step is performed in an environment including
an oxidizing environment. Non-limiting examples of oxidizing environments include

air or oxygen.

[0062] In some embodiments, the method may further include contacting at
least a portion of the semiconductor material with a cleaning agent, after the step of

treating the semiconductor material with the passivating agent to remove any
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[0056]The term "chalcogenide" as used herein refers to a compound of at least one chalcogen and at
least one electropositive element. The term "chalcogen” refers to tellurium, selenium, or sulfur.
Suitable chalcogenide materials include cadmium telluride, magnesium telluride, mercury telluride,
lead telluride, zinc telluride, cadmium selenide, mercury selenide, lead selenide, zinc selenide,
cadmium sulfide, mercury sulfide, zinc sulfide, lead sulfide, cadmium zinc telluride, cadmium sulfur
tellrice, cadmim mangaese felluride, sadmium madnesiym eliuride, or. combingtians fereof. The
above-mentioned semiconddctor matenals may be Us€d alone or ih com mauon.%uﬁher, these
materials mainbenyesentplemaie ttlaanone dayer, iecdcddayernhaxing diffetient ¢f pehylsemiconductor
material or han\{ing Qﬂg}%inati%%sn 1of rrt1 e crlngltcla [ 1&:\1' arartgolr.;llt)é?ﬂgﬁ(l)n e rézriégfembodiments, the
semiconductaorllléy Fincludes cadmium teflund &), Th cenain embo iments, the semiconductor
layer includes p-type cadmium telluride (CdTe). [0057]In accordance with one embodiment of the
invention, a MERAd for treltiiy aprtisapd defrioetortayaguscprésultel. ITHe Mt didEdrdance with
some embo%e&;&ﬁ&h&wy&ntm&d&e@rtQtersg&,sc[@’er%ﬂléefgrqfl}gg tQ 1@Pr?§21'§1 Figs 1 illustrates
a side cross-sectional view of an untreated semiconductor layer 110 including a semiconductor
material, as SRBEMHEHtRTINADIVE. Fgineriistiages dogiaRt drdesisestmvmeandagiost matestbd

semiconductgy Jayen 118, Jn2cqordanca il sers enadierats /idnadnyrniandoignsdiustrates a

flow-chart of an exemplary embodiment for a method 10 of treating a semiconductor layer 110. It
should be nataéerialderléce TSI ME IR BesmBieh @b tHar SLepBRie M CH IR PIP PErited

simultaneouglyn FUHeH: REAhe IMENIR YA QEMAra pf ie1siReS IB-Hge Jopiay. Peperformed

sequentially, and the method may not be limited by the order of appearance of steps. [0058]In some
embodimentsQifecrbadbnaRcIbe slopastdp the fishiastmy ldLitdbdep sarpsiorterseémbdtiductor

material with. g RgssYRING 6Nt 1] REASHTLrRGSAIRHAY AOLIYHAS HSeH RRlEIedRieiRdaan agent

capable of altering the physical or compositional characteristics of the semiconductor layer resulting in
improved detiP@53eriditrisite CRPREMasSHEbBfiTeh SIereD SLANHAGCagRe SRRPHIBWS M removing

defect states.glond dhengraiBbaundayies.iln soms SIRRRAIMERS. (RX gxaMmRisothe Passiv@Ling agent
may allow for diffusion between the CdS and CdTe layers in CdS/CdTe-based photovoltaic devices,

thus enablingFBHAPREFSURId St Oenponsi S sl aib SaRPRInEORPRY [sIORERE RigatieRicludes
cadmium chigrde (Gdfeb2htdn some embodiments, the method may include contacting at least a
portion of the semiconductor material with cadmium chloride or a cadmium chloride source. In some

embodimenfﬁs %ﬁ)rtion of the semic%naijctor material may be treated with a solﬂut'on of CdC12. In
some embodifi&hks, a portioh P BT B8R EH SURoT AR A P8RRI Ivith BaEB 5 por.
[0060]In some ebiedirenis, the istap of cortacinggileast a@oriomgtieto about 1 x 10"

atoms/cm’. In some embodiments, an average atomic concentration of the dopant in
the first region 112 is in a range from about 1 x 10'® atoms/cm’ to about 5 x 10"
atoms/cm’. The term “atomic concentration” as used herein refers to the number of

atoms per unit volume.

[0065] In some embodiments, the method includes, at step 12, introducing the
dopant into the semiconductor material using a suitable deposition technique. Non-
limiting examples of suitable deposition techniques may include physical vapor
deposition, chemical vapor deposition, electrochemical deposition, chemical bath
deposition, atomic layer deposition, closed space sublimation, or combinations

thereof.

[0066] In some embodiments, the method includes, at step 12, contacting at

least a portion of the semiconductor material with a dopant source. The portion of the
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semiconductor material with a passivating agent further includes a heat treatment. In some
embodiments, the heat treatment step may be performed subsequent to the step of contacting at least
a portion of the semiconductor material with the passivating agent. In some embodiments, the heat
treatment step may be performed simultaneously with the step of contacting at least a portion of the
semiconductor material with the passivating agent. [0061]In some embodiments, the heat treatment
step is performed at 4 {emperafe Wihin.g (3005 Tom ahoul 300.C (o about 800.6, 1n,sgme
embodiments,IPhe heat treatment step 1S per ormed v {lemperatureyw Rin & ra ge from Bbout 350 C
to about 450pGydrnddmerenbedioents;dve ddat tie dtenentt ste pg stpprfiiseddenbtidmacusation within
@ range from,abput, 4, MinYte {0 ARRUSAMIPLIES, n. S smBodiments, (he nsat eyment step s
performed for a irhe duration within a range from about 10 minutedto about 85 minttes: h some
embodimentsoititerhgatrdatroeint $tep.idperigrmedximgranertsemdrambrelindntsotine dithart
embodimentg, ihe eat reatment e s, perfarmer in an.svironment inclyding an.oxidigiag
environment. on-ﬁ?n?fmg examp?es 0 oxp(ﬁzmg environments include air or xygeﬁ.a[é)ﬁ%f]ln some
embodimentsf{ the dhgtirodsovageforthesimtloe @€ omtactimg atdectst dayertiblof thessexmicteductor
material with, & clepning. agent,afierihe,stp, ahiraing ihe semicandycior material with fe
passivating agent to remove any Impurities, such as, for exiémple, cadmium oxide from the surface.
Suitable noreiktitidgreyamgled ofep algary riheadeprnn stdecamsiague cuabbduvigroflepoylene di-amine
(EDA), ammgnjum hydroxide (NH4OH), of. combinations ther dﬁ 63]With.continued reference to
Figures 2 an%cib,n rl%usé(;rr% em eo(glhr%re%rtrgl?%{le r%ge}%ggd}%(r%ﬁl r%h%% e8 ,azrﬁ g%élpr)cﬁn %rgrﬁi%b%eﬁrst region
112 in the sémivondymtoiomyend libdynetirod uing mdogantdatinthatségnasconduetomnrdtghial. The term
“dopant as used e elevs 1@ sPaRissAAds ip tbasemicendusinimatsiphiaalierape or more
properties, such as, for example, electrical properties. In some embodiments, the dopant in the first
region 112 ideitidesiacudgpsibspting thesoenaembutiméntsy; thé) dopaheit theafinenteiipntd@12 includes
copper, S"V%tﬁ% wo&go&gﬂggti&pgt%egglgé}%&rlll&%rtt&j g{gﬁ&diments, the dopant in the first region

includes copper. The term “"copper” as used hereln refers to elemental copper, copper ions, or
combinations thereof. Thus, in certain embodiments, the first region 112 in the semiconductor layer

110 may inclQ888lementdncispie erepsparemhsthsrdopriviraitisadnpErss Pad dabetts21ddbalin some

embodimentgean,aYREaAeAeicsonteiian Qhike deRas indeadirsidraiancdiadsin arange from
about 1 x 1015 atoms/cm3 to about 1 x 1018 atoms/cm3. In some embodiments, an average atomic

concentratiols ¥t thetpaRE ithere TP REYFOPT 11355 3h Wit Agaetad srbbothertsemo 1eektbralicm3 to
about 5 x 10&51@82!’@1%4%3@?&}@ {SrMeARIPRIACANEMatiaN A% bredierieladslesadouthequmber of
atoms per unit volume. _ . _
one anion. In some embodiments, the metal salt includes copper, gold, silver, or
combinations thereof. In some embodiments, the metal salt further includes an anion.
Non-limiting examples of a suitable anion include nitrate, acetate, chloride, iodide, or
combinations thereof. In certain embodiments, the metal salt includes a chloride

anion.

[0068] In certain embodiments, for example, the dopant source may be in the
form a metal salt solution, and the method may include, at step 12, soaking at least a
portion of the semiconductor material in the metal salt solution. In some
embodiments, the semiconductor material may be substantially immersed in the metal
salt solution. In some embodiments, the metal salt solution includes at least one
solvent and at least one metal salt. In some embodiments, the at least one solvent
includes water. In some embodiments, small amounts of water-soluble solvents may
be added to provide wetting. Suitable non-limiting examples of such solvents include

methanol, ethanol, iso-propanol, acetone, tetrahydrofuran, diglyme, or combinations
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[0065]In some embodiments, the method includes, at step 12, introducing the dopant into the
semiconductor material using a suitable deposition technique. Non-limiting examples of suitable
deposition technigues may include physical vapor deposition, chemical vapor deposition,
electrochemical deposition, chemical bath deposition, atomic layer deposition, closed space
sublimation, or combinations thereof. [0066]In some embodiments, the method includes, at step 12,
contacting apleasy.a porion of i, semicondctor material with 2 dopant souree, The portign of the
semiconductor material CoRtacted with the dopant source may ooepena, in parfl, A the p?hysmal form of
the dopant smgtaksalolytios.contacting step. In some embodiments, the dopant source is in the form
of a solid, a solution, a suspension, a paste, vapor, or combinations thereof. Thus, by way of example,

in some embggigents, the,foRapt SANGRMAY, ABIIBG Ml P35t anthihe methed fay include

depositing a paste of the dopant source on a surface of the semiconductor layer 110. In'some other
embodimentsatbr xeere, te BeparinssudiEioryacintha fornd aneipbrsadndehsiprettfod may

include depqsgjtingh the JRPAN, SEHISE #IRY A aURRICHAP A ARRASLIAR LRERNIGUSHAT Same, Other

embodiments, for example, the dopant source may be in the form a solution, and the method may
include soakighanisasetrsertidic ofgial seatiftsndudtdhdaspiceoducthe sulighsh. InNfSeniersuch

embodiments, fhgMeiadJnayyrtbe” NAUIE DI FERGsthS %&5&@%@@&@}{% 1k0igi& heat

treatment step to introduce the dopants into the semiconductor material. [0067]In some embodiments,
the dopant seiiteesiféihdes @tinatdrsaptdndhnscargerduptesiiitia dopant into the semiconductor
material includes contacting at least a portion of the semiconductor material with a metal salt. The term

"metal salt' ggemgd hereindefsis tendbeamaty) dnb doslingiateashomnetReatial saHian @netighleast one
anion. In some embodiments, the metal salt includes copper, gold, silver, or combinations thereof. In

some embodinfefaCHIL IS AT ARSAI R IRk 49 é’ﬁf&%?ﬁfoﬁ‘%m‘tiﬁ@ o 8Bt aRGitable anion

include nitraigilaegtata, WiRridabiebidentor ¢enabinaianpibeiaah caitan embodimeants, the metal
salt includes a chloride anion. [0068]In certain embodiments, for example, the dopant source may be

in the form 2 ANSENELIPE IR FANETA AR ABAHS I PRapar REk PSR 18P W kY RPRESEER portion of

the semiconguitar. NMatesiakir il ekl sathsalupai. i mesatambadimentsathessemdieapductor
material may be substantially immersed in the mféﬁl salt solution.. In some emgﬁgiments, the metal

salt solution SRBASGEEURN U Lot EnITAt ARAU 189sPH . PredI AR iy 2RoHE 2MbBYhéts, the at

least one sobi@ntrincludes water. In some embodiments, small amounts of water-soluble solvents may
be added to provide wetting. Suitable non-limiting examples of such solvents include methanol,

ethanol, ‘SO'Ed nol, aceﬁ‘%”%xﬁe”a'l}’od(ﬁ?ﬁ“r?{]’tﬁi@g%'é%ﬁo(?“l‘%ccimi’i{‘a&{o?é ”}‘ife%fm'{‘ctce”ag”
embodiments, the metals salt sofution may be an aqueous-based me al Salt softion. ][B%él ]In some
embodimenteatheanpethioo inélutle ssanistepld@pcontaetinlg with the metal salt solution at a

temperature in a range from about 25 degrees Celsius to about 100 degrees Celsius.

In some embodiments, the method includes, at step 12, contacting at least a portion of

the semiconductor material with the metal salt solution at a temperature in a range

from about 60 degrees Celsius to about 75 degrees Celsius. In some embodiments,

the method includes, at step 12, contacting at least a portion of the semiconductor

material with the metal salt solution for a time duration in a range from about 1

minute to about 30 minutes. In some embodiments, the method includes, at step 12,

contacting at least a portion of the semiconductor material with the metal salt solution

for a time duration in a range from about 2 minutes to about 10 minutes.

[0072] Referring again to Fig. 3, in some embodiments, the method includes,
at step 13, forming a chalcogen-rich region. The term “chalcogen-rich region” as

used herein refers to a region having an average atomic concentration of chalcogen
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least a portion of the semiconductor material with a metal salt solution at a concentration, at a
temperature, and for a time duration sufficient to effect cation exchange between the metal cations and
the semiconductor material. The term "cation exchange" as used in this context refers to exchange of
a portion of metal cations with the cations present in the semiconductor material. [0070]In some
embodiments, the dopant is present in the metal salt solution at a concentration in a range from about
10 parts per pillon fp about 19,020s per million, In,seme empagiments, fne dgpant s, preent in the
metal salt soiUtion at & concentration In-a rangerrdm goott 1 pér slper%l flon'térabout 1boo parts
per billion. Insofivet eehodirentsfthiee depaindisiprasehtyir théOmelal salttesotutiodiatatcotieentration in
a range from about 150 parts per pillio abqut 500 parts per billion. [0071]In some emppdiments,
the mothod Tl e e R e B AR ol So with the
metal salt sdiotiom@t acidmiperaioherégiarange:fsommaboluc b bygrddd Célsiusrto dedutiifnt degrees
Celsius. In sorye.eimbodiments. (he mead includes, 8t sicp 12, contaciind. at lesst graarion of the
semiconductor matenial Wwith the metal salt solttio a?a?em%era ure marange from a out 60 degrees
Celsius to aldutllbriegreesi©elbrs albsdnregonbodiine stsn it duetho daiyrsiud®s, dh stepd 2,
contacting at|eash 3 partion offhe sigondhstor majerialwit e metal sqlyselifion foyg ime
duration in a rangerprom ‘about 1 minute to abott 30 minutes. In some embo iments, the method
includes, at stipriincoitacing aolghst & prgiontomnihecsemigorductol raduerial withiltb entletal salt

solution for a time dg aE'on iré a.range Erom1 ab(r)ut1 ?Ominu £3.19 about 1(% m'lnlit%s. [01072 Referring again
to Fig. 3, in srgérlmoenemiol(‘fmsenr?é?(t) eur%gtrho%yfncludes}satésrtéip r13, %lrnﬁn%ua an';iIcogIén#)l]g}%a region. The
term "chalcogehodoheasigion” asiaset] Hereiwawiorsaomiregionctivitigmaoavetageatomicieoncentration

of chalcoge “than an.average atomic concentrati h I 1 in the bul ion (such
as, first regi:)l??lr%e @?Joyftl%e %gﬁfé%%ﬁgtégﬁ%é? %{'186?.1 1Ién %%%Q%%éﬁ’%ﬁ%gggﬁ‘h% snén%?ll(goﬁﬁ uctor
material incloggsneliuhieisemanchthetordthed Inblutdgsatr sbep 43)foPming a tellurium-rich region in the

semiconductor layer 110. The term "tellurium-rich region" as used herein refers to a region having an

average atogggmncentraf}prb%[glmgmi%@ﬁtgr than@ it resian RbIbs semicerdugigelayer 110. In

some embodiments, a ratio of the average atomic concentration of tellurium in the tellurium-rich region
to the avera§B%RSIHIZEdREMPatS8Etc P ity BlIKIBHIOM ofhEEBHIEONdBRIGPIESer 110 is

greater than ahaulihed sRMERmAadiMents;chratio of the Averagsaomic GInerntatipRof tellurium

in the tellurium-rich region to the average atomic concentration of tellurium in the bulk region of the
semiconductSCRyHEP 110 i5hesadEsiRaNapatest otaiAes ekt e [HBBIFGH-rich region

may be furtheo charagleriz R an @HaEaae A OMig FaiiR Ol U HH MG CAGANEIM, A € P Than
embodiments, the tellurium-rich region has an average atomic ratio of tellurium to cadmium in a range

greater than39861 9. 14 somcathpBtmeRimsharel funtmarichitseivy i Aas\shegsstagacd®ific ratio of

tellurium to cadRNEANIA B @R SRR3R 2RAKE 1Rl hsenaE MRRAERAN SR tRliusum-rich region
has an average atomic ratio of tellurium to cadmium in a range greater than about 40. The term

"atomic ratio"*48 HEENHEHBIH Refeiifoh RUFI T 40BHSFO BB WM centrations.
[0074] The tellurium in the tellurium-rich region may be in the form of
elemental tellurium Te(0), telluride (Tez'), or combinations thereof. In some
embodiments, tellurium in the tellurium-rich region is in the form of elemental
tellurium and also in the form of a telluride. In some embodiments, at least about 50
atomic percent tellurium in the tellurium-rich region is substantially in the form of
elemental tellurium. In some embodiments, at least about 90 atomic percent tellurium
in the tellurium-rich region is substantially in the form of elemental tellurium. In
some embodiments, the tellurium-rich region has an average atomic ratio of elemental
tellurium (Te(0)) to cadmium in a range greater than about 1. In some embodiments,
the tellurium-rich region has an average atomic ratio of elemental tellurium (Te(0)) to

cadmium in a range greater than about 10. In some embodiments, the tellurium-rich
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[0074]The tellurium in the tellurium-rich region may be in the form of elemental tellurium Te(0), telluride
(Te2), or combinations thereof. In some embodiments, tellurium in the tellurium-rich region is in the
form of elemental tellurium and also in the form of a telluride. In some embodiments, at least about 50
atomic percent tellurium in the tellurium-rich region is substantially in the form of elemental tellurium. In
some embodiments, at least about 90 atomic percent tellurium in the tellurium-rich region is
substantially,in {fie form of clemental allunum, . some embpdiments, 5 telluriymyich region has an
average atomic ratio of elémerteal tellurum e(%ofjS O Cadmium in'a ang greataerntjﬁan abdut 1. In
some embodimsnigeting telhuriabnuti 0 reflon damiarncaveragatiatonficaitiouni elehmbdntaldelicarium
(Te(O) to cami IAAeS RIS A0 SRouLABuIn S mBBmEnts e (e prich region
has an average atomic ratio of € emental telluridm e(be) ocadmium m ar nge greafér?ﬁan about
20. The atomicuphcentetigmafedeltrosparicbtaepat KRS ratio of tellurium to cadmium may be
determined any suitable technique, such as, for example, x-ray photoelectron spectroscopy (XPS).
[0075]The chgigagen-rich fggiog, may.be fritheLsBArantsIaRd Ryt thicknessiAlSaPene
embodiments, the chalcogen-rich region has a thickness in a range greater than about 10 nanometers.
In some emlbdigirnetits [HeBRAehgdrncers réchdeecantickiesimhasanbiskpsn Hbdmmeg
nanometers {o.ahouf APANRIOMEB e SOMS EMPRHiRRNRHRe FhARRgS ReHG I FEgigR has a

thickness in a range from about 50 nanometers to about 500 nanometers. In some embodiments, the

methods of th Fréekegsydmforpeay reavaheadduBNoRsitde hrkoded BBP charivgersridh region
when compaggddQ cBaIERAGETIER BAleRIH e HIRG $A0veRianakstthingshemisal ARSRLS.

[0076]The chalcogen-rich region may be formed using a suitable additive or subtracting technique. In

some embodithetemefermistabauhelitiBaneingiels: a bhstargenhadinepionharaeshods dhyiepositing a
region including he ishalpRaemep Q@ﬁzaﬁﬁ?&%@}!‘ﬁﬂfvﬁﬁf&l@-d&ﬂ@b@lﬁe&gﬁlﬁm ples of

additive deposition techniques may include physical vapor deposition, chemical vapor deposition,

electrochemiRFHEPBSUSH, terbrQRcH A HESARMIBHMSh HilD B§RP GBPORM SH s ep B ele
sublimation, Qi.gambinations thereof. In certain embodiments, the method includes forming a
tellurium-rich region, at step 13, by depositing a tellurium-rich region on the semiconductor layer 110
using one or more of the aforementioned. techniques. [0077]In some other embodiments, the method
includes forr{{?ﬂéi chaIcoJgﬁ-%ﬁ?@ﬁ%ﬂ?ﬁfgﬁwl@%&%gﬂﬁ%ﬁsgﬁé’a%llgi‘ Grid D%
semiconductebmaigiial tstthrehemigakagentrimitiblennondimititghoyamplescef soehaipical agent
include, an oxidlant, an acid, a metal haliig g}{c&iﬁmbinations thereof. (Ln om%enﬂlb diments, the
chemical ag&Rt PRAERES GBI ot ¢ dro K SR B S ACEHBThAONY BRSO HCOS AR
embodimentgetkencldendealoageydringbidessitol oyoviolnme) Sukumiglacior Sditable rposiitidiing
examples of a metal halide incll.id mmanise chIori(g% zinc chIqPride., monium chlgride, or
combinationSTHEIEETS 1R B Shts VIR cHEREH Ay e it eSHRYnITREEL Wrloride.

[0078]In somé:etmvbemeinisetbs thenicalisgebidndidstiediasnis layer deposition, closed
space sublimation, or combinations thereof. In certain embodiments, the method
includes forming a tellurium-rich region, at step 13, by depositing a tellurium-rich
region on the semiconductor layer 110 using one or more of the aforementioned

techniques.

[0077] In some other embodiments, the method includes forming a chalcogen-
rich region, at step 13, by contacting at least a portion of the semiconductor material
with a chemical agent. Suitable non-limiting examples of a chemical agent include,
an oxidant, an acid, a metal halide or combinations thereof. In some embodiments,
the chemical agent includes sulfuric acid, hydrochloric acid or combinations thereof.
In certain embodiments, the chemical agent includes 1% (by volume) sulfuric acid.

Suitable non-limiting examples of a metal halide include manganese chloride, zinc
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described in detail later, in some embodiments, iodine may be used as a chemical agent as a solid or
in the form of a solution. In some embodiments, the iodine may be present in the chemical agent in
elemental form. In some other embodiments, the iodine may be present in the chemical agent as an
iodide. In such embodiments, the chemical agent may further include a suitable oxidizing agent
capable of oxidizing the chemical agent to generate iodine under the reaction conditions. In some
embodiments, the.chemical .agent may further include a solubilizing agent capable of increasing the
Colubity of SUHTEE) P H e B T i g Al A Se S nale I
certain embetiméctbaghet sodlibikzingagantemajomdtude an iodide. In certain embodiments, the
chemical agent includes a combination of iodine and iodide. Examples of suitable iodides include
sodium iodidggpefassium jadide, ditap, ingides Orconhinatians thereof IO portian of the
semiconductor material contacted with the chemical agent may depend, in part, on the physical form of
the chemicaHagfeiveduiingethd dvptastingseepmipedontatenibduienaas bhassdensicatiarypisals in the
form of a solide 4 3014181 BSHERRTBIN oF PRI HAPRY G EVRBAHRAR (RSB iy pe way of

example, in some embodiments, the chemical agent may be in the form of a paste, and the method
may include Riepositindghs shstaietlthecohemidamsgentions slivfae@oothersapfiediaeritorthdyer 110. In

some other ?&M?@éﬂ&%&ﬁ%‘%@éﬂ&ﬁ?ﬁrﬁﬁt%@%t Davdern e erpsufplitionpand the

method may include soaking at least a portion of semiconductor material in the chemical agent

solution. In sdeiiethpaihiBaYSUecE Hehvida payEAbls oA RgaAR At iR Rl sselvendiragitition to the
chemical aggﬂéﬂﬁﬁorﬁgeﬁm@@%g&%pﬁeth%cﬁﬁ@”ﬂﬁ@l:@g@l@t OISR reByR8.A9Ueos-Rasfd. [0080]In

some embodiments, the method includes, at step 13, contacting at least a portion of the

semiconductdRbRgtesalwite £hemisilrazsptiekinduiehsimitaludgentab rikiding IR el fdgion in the
semiconducigrjayghd 1fe TR IRy tBHuUdmEnHChing chemicalaoghheas HE6S Refein [glers to a

chemical agent that when contacted with the semiconductor layer 110 under suitable contacting
conditions reIiR g ASHHNB A siudan-Hehde gidh chikie ikaebotiBgitsinthe trbiEWigHEphology

substantially,iiachigfativaiR theighaies of hearicenduaiatdayrr HAgi el MR- RRtadary
morphology" as used herein refers to one or more of gram boundary size, grain boundary shape, and

grain bound&AMEBRAEERItRSNIH08 13K soidembsa Ohraiiahlgidedidetidpiiagesiaither does

not lead to ai§&ﬁ*&%§%§§sﬂi%§%'dﬁ@] pidusv ifRege0bthe memigRAdyciatJayer. The term "substantial
dissolution” as used herein refers to removal of greater than about 10 nanometers of the

semiconductar surface layer. In contrast, an "etching chemical agent” preferentially etches grain
poundiaies (PO sermicor MRS aee PGP R el R Ldhe S SOS
dissolution of@surfiagedeptnd, senpaanducies lsyaicliG82IT be thenehepitalctipencahditionse as used in

this context refers to one or more of chemical agent concentration, reactjon temperature, and time
duration of COHLIHHS HEPeHB A SOLREIRTI T o RO AL RSy . F SOrb S BB B, the

chemical agesiltuisopresantpaithiechepisal, aggpot solutiomsihaticanceptuationThu, ragge fyoef about 0.01

liter to gbout 1 liter. | ' bodi ts, the chemical ti tinth
chemical agEHt BB S EIRARASHon I & FANGA FoFY ABEAPO Oe B TG S IREN o At 05

grams per litgie method may include depositing a paste of the chemical agent on a surface of the
semiconductor layer 110. In some other embodiments, for example, the chemical
agent may be in the form a solution, and the method may include soaking at least a
portion of the semiconductor material in the chemical agent solution. In some
embodiments, the chemical agent solution may include a solvent in addition to the
chemical agent. In some embodiments, the chemical agent solution may be aqueous-

based.

[0080] In some embodiments, the method includes, at step 13, contacting at
least a portion of the semiconductor material with a tellurium-enriching chemical

agent to form a tellurium-rich region in the semiconductor layer 110. The term
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[0083]In some embodiments, the method includes contacting at least a portion of the semiconductor
material with the chemical agent at a temperature in a range from about 45 degrees Celsius to about
180 degrees Celsius. In certain embodiments, the method includes contacting at least a portion of the
semiconductor material with the chemical agent at a temperature in a range from about 50 degrees
Celsius to about 70 degrees Celsius. In some embodiments, the method includes contacting at least a
portion of the,semicondcior material i lhe.chemical adent for & tme duration in s fapge from about
30 seconds to about 10 minutes. 17 S6mé embodiments, the method inclides conf‘§cﬁng at least a
portion of thevBemioonudtestovitmeie siahwithdina atiepeichl Ggedtfonigatiinecitnatiog dorditange from
about 1 minule, i ahoul, minutes, [QOBAI coninued referenca o Figures. ,and 3, & some
embodiments, the met oénﬁlc(fudes, at step ET, ?ormm& a'selond region 14513 the’SEmiconductor
layer 110, whenginologysadomahtadipmiitd ielelude® shdgpains o Sersereccoddimoehisethel heethod
includes, at step 14, introducing a dopant inte the semiconducter material to form the.second region
112, 1n Some S e e A A S Bt 1T mah A0S SBRDSE: Slver Boid, o
combinationbdtedenf sinecertaimbemiadirsiets, hé glopatundie seocgrditegion 114 includes copper. In
certain embodiments, the second region 114 in the semiconductor layer 110 includes elemental
copper, copRgigns, or comRinatianhaiRal@s HoRaNsIAGRIRAMESMRAIEGNS; the method

includes, at step 14, forming a second region 114 using a suitable deposition technique. Non-limiting

examples ofl&tgtdple spdaitioh decnhigoBLmayiRactdefphysiearcapdicdepbsition 188 iidal vapor
deposition, elgaitechemifAERESMIAN LSBERicaPAR deRORIHAN RIGMicRYEIIEPIsHIRM Flosed

space sublimation, or combinations thereof. [0086]In some embodiments, the method includes, at step

14, contactif2Reaaisa0h dhsoFeBT Ra distaic Shidartolakeate ARl SORH e sita el o AISHYRMN including
the dopant, Igaqpomeﬁ&mm§%§&n%ﬁ%%mﬁmk cantrctediindle: soRGHIRG ARIRgSItion may
e

depend, in part, on the physical form o contacting composition during the ‘contacting step. In some
embodimentdieth&ettadliflg BBHposiErRsts ison tHbsaptbf dissibtiansalitian Serassp&hsids, a paste,
vapor, or cogbinasiepdhiargef. Thus, by way of example, in some embodiments, the contacting
composition may be in the form of a paste, and the method may include depositing a paste of the
contacting comgosition on.a surface of the semicopductgr layer 110. In some embodiments, the

contacting c6Mpobition maAVBETThETIATHAS SPRIIUNN 18 HiEthBhtiRy MOV LS E31RY the

contacting cempositiondusinga sigiableventrabdepositionoie ehnisuauts, sonei sl duembodiments, for
example, the contacting compaositjon ma\é’dbiﬁ in the form solut]ion, and the method may include

soaking at 162X PBAHDY GPEULEAREBhA T IPTaSEP PR TR 'Y ition. IRLB BRI S hodiments,

the method mhaychemical agent is present in the chemical agent solution at a concentration in a
range from about 0.01 grams per liter to about 1 gram per liter. In certain
embodiments, the chemical agent is present in the chemical agent solution at a

concentration in a range from about 0.05 grams per liter to about 0.5 grams per liter.

[0083] In some embodiments, the method includes contacting at least a
portion of the semiconductor material with the chemical agent at a temperature in a
range from about 45 degrees Celsius to about 180 degrees Celsius. In certain
embodiments, the method includes contacting at least a portion of the semiconductor
material with the chemical agent at a temperature in a range from about 50 degrees
Celsius to about 70 degrees Celsius. In some embodiments, the method includes
contacting at least a portion of the semiconductor material with the chemical agent for
a time duration in a range from about 30 seconds to about 10 minutes. In some

embodiments, the method includes contacting at least a portion of the semiconductor
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further include subjecting the semiconductor layer 110 to a heat treatment step to introduce the dopant
into the semiconductor material. [0087]In some embodiments, the contacting composition includes a
metal salt, and the step of forming a second region 114 includes contacting at least a portion of the
semiconductor material with a metal salt. In some embodiments, the metal salt includes copper, gold,
silver, or combinations thereof. In some embodiments, the metal salt further includes an anion.

Suitable nonylipitig cxamples. ofian anisndnclude nirate, Rcetate, iodide, aaride, o fopbinations
thereof. In certain embodiments, the al'salt includes a chloride &nion. fln certain
embodimentshdotr Exampis, the dopant may be in the form a metal salt solution, and the method may

include, at step 14, soaking at least a portion of the semiconductor material in the metal salt solution.

In some embggiments, thesamisandncicrmakiatmanbe Sebsiamially metsash iR metal salt

solution. In some embodiments, the metal salt s'olutlon mcludes‘ at Ieast_ one solvent and at least one
metal salt. Ifhsometkadbaeivdentst tieral fe detBHEE JoRgsanthetgtes W4tar. the ssmicerdbei@iments,

small amounig gf Y‘i@ﬁ%‘ﬁ%‘é&ﬁ'%@%%&ﬁ& FOg%Re Wﬂ%@uﬁ%?@&ﬂk‘%ﬂ{et@%rﬁé‘iéﬁ%%&f%m&'es of such

solvents include methanol, ethanol, iso-propanol, acetone, tetrahydrofuran, diglyme, or combinations

thereof. In céitaifcéinB dashdpts atiitembal ¥andssingonderapbaerilatrepigenskiced Mmatetidalt solution.
[0089]In some gspRogimenisydhg d8RaNE4S PreSSRidNeifoARiah SaiROWS|RR LA GRNGRBHAtion less

than about 10 parts per million. In"'some embodiments, the dopant is present in the metal salt solution
at a concentfégion irl ktrangadesntaprstic 30 yRart2plsk blfiorPababBiant 00 Isafts pbY ISIETERD In some

embodimentsy,iNRIHRANt [BPr inthametal seltsalifion ALAGARSERBANAN INR [RAgR from about

100 parts per billion to about 500 parts per billion. [0090]In some embodiments, the method includes,

at step 14, combedingasielst a9s6ntbricithe Skmidonbikictemirardrslonitaee Méalnsiidsslution at a
temperature dn. A JARDEIHER, AR5 Hearess Rleiba hakeytL 08 drarees Celsius. In some

embodiments, the method includes, at step 14, contacting at least a portion of

[0085] In some embodiments, the method includes, at step 14, forming a
second region 114 using a suitable deposition technique. Non-limiting examples of
suitable deposition techniques may include physical vapor deposition, chemical vapor
deposition, electrochemical deposition, chemical bath deposition, atomic layer

deposition, closed space sublimation, or combinations thereof.

[0086] In some embodiments, the method includes, at step 14, contacting at
least a portion of the semiconductor material with a contacting composition including
the dopant. The portion of the semiconductor material contacted with the contacting
composition may depend, in part, on the physical form of the contacting composition
during the contacting step. In some embodiments, the contacting composition is in
the form of a solid, a solution, a suspension, a paste, vapor, or combinations thereof.
Thus, by way of example, in some embodiments, the contacting composition may be
in the form of a paste, and the method may include depositing a paste of the
contacting composition on a surface of the semiconductor layer 110. In some
embodiments, the contacting composition may be in the form a vapor, and the method
may include depositing the contacting composition using a suitable vapor deposition
technique. In some other embodiments, for example, the contacting composition may
be in the form a solution, and the method may include soaking at least a portion of the

semiconductor layer 110 in the solution. In some such embodiments, the method may
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the semiconductor material at a temperature in a range from about 60 degrees Celsius to about 75
degrees Celsius. [0091]In some embodiments, the method includes, at step 14, contacting at least a
portion of the semiconductor material with the metal salt solution for a time duration in a range from
about 1 minute to about 30 minutes. In some embodiments, the method includes, at step 14,
contacting at least a portion of the semiconductor material with the metal salt solution for a time

duration in a_.range from aboyt. 2 minutes to about 10 minutes, [0092]In certain embodiments, the
method inclufare%,‘g'étlg‘fg}ﬁiailﬂl Légﬁlhrbg#?éec A é%%%&rlll-%?gﬁ ira gel{)?’]I %v&thot%ehggﬁptgﬁ? 0 I(?rrg[ %Retosecond
region 114. lintsodneeahebdginne ins) the stapcofdonting@aesedond region 114 may further include

forming a chalcogenide of the dopant species. In some embodiments, the step of forming a second

region 114 rgyfytner inds foringd RUNIdRR! (R dARRNLaRRGISIN SRTRIGempagments, the

second region 114 may include copper telluride. In some embodiments, the chalcogen-rich region
includes the $&cond tegyitep PL4otmsEnmsepid waiboditdanedudss cutaelingedidendtiuppitiodes the

Cha'coge”'riSPtfl%gi&ﬂiJB‘nﬁ%?Sr‘?HA%rﬁﬁ'}Qﬁﬂi%@fﬁl the chRleagestituraain andHResegend region

114 are substantially overlapping. [0093]In some embodiments, an average atomic concentration of
the dopant ingladsscenipeegioill 34 vsrgatenthiaatapsuthsrof01 8 atomes /e dinssine tBinbodiments,

an average iomicaRNGRMALRAIANS AR INdNRSRCMA IGAIAN L L4412 GNGe gieafer than

about 1 x 1019 atoms/cm3. In some embodiments, an average atomic concentration of the dopant in
the second ré§ladel 14tiatin Aeelatfe froddaboilaida.0rs seminaieo Bissertl x 1D20PHEbns/cm3.

[0094]As notggheatlichdhenmgthadsinelyegadieatingpisemigpnductor layer 110 to form a first region
112 and a second region 114, wherein an average atomic concentration of the dopant in the second

region 114 is greater than an average atomic concentration of the dopant in the first region 112. In

some embodfi&ls, a ratith SEHRENLTEPAGEAR IO STieamisER SPRAR depaht i1 #hs S38dAd region

114 to the avesage-atannticansantaligRBbihadopanids thedist rcginrihi2isegreatpoithian about 5. In
some embodiments, a ratig of the average atomic concentration of the dopant in the second region

114 to the aPerRge SYMMRUSHERHGAEH OF the HE3AT Hh ARt rEyREE1ZNRGHEMRF AR about 10.

In some emBeghinaiitsctar atitedlihe fvesagd iamincanaanteatinng etdopanidiithe sgaond region
114 to the average atomic concentration of the dopant in the first region 112 is greater than about 50.

n
[0095]Withoti? BEiRE BAtME Y- %9 tREiBhy A OB S ST ipifi o R0l vent and at least

one metal salt. In some embodiments, the at least one solvent includes water. In
some embodiments, small amounts of water-soluble solvents may be added to provide
wetting. Suitable examples of such solvents include methanol, ethanol, iso-propanol,
acetone, tetrahydrofuran, diglyme, or combinations thereof. In certain embodiments,

the metal salt solution may be an aqueous-based metal salt solution.

[0089] In some embodiments, the dopant is present in the metal salt solution
at a concentration less than about 10 parts per million. In some embodiments, the
dopant is present in the metal salt solution at a concentration in a range from about 10
parts per billion to about 1000 parts per billion. In some embodiments, the dopant is
present in the metal salt solution at a concentration in a range from about 100 parts

per billion to about 500 parts per billion.

[0090] In some embodiments, the method includes, at step 14, contacting at
least a portion of the semiconductor material with the metal salt solution at a
temperature in a range from about 25 degrees Celsius to about 100 degrees Celsius.

In some embodiments, the method includes, at step 14, contacting at least a portion of
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semiconductor layer 110 with the dopant to the form the first region 112 may advantageously enable
increased carrier concentration of the photo-active material. An increased carrier concentration may
further advantageously result in increase in Voc that may furthermore result in increased photovoltaic
device efficiency. Further, without being bound by any theory, it is believed that forming a second
region 114 by doping the chalcogen-rich region may advantageously result in decreased resistivity of
the semicongl%ctgr lage(r1 1CJfOrsiggfgrcglaan iglvr\{e(rer% en ciré:l%:iitnr%s}%an%g qut’ d\évhi%h 0gy; furthermore
resultin increasse(ﬁnpl)%é}ol\l/oﬂalc evice efficie Cy. ur%Hermoge, embodiments of the pres%lrslt invention
advantageouslybprovitleddgrestabédspisotovoltaic devices by using different concentration profiles of the
dopant in the first region 112 and the second region 114, which may lead to more stable photovoltaic

devices. [009§}4p noted epyligt, e MEHN MaYHOGHRIGAMSEIUENF SR SIAPF oS AR at

embodiments, two or more of the steps 11, 12, 13, and 14 are performed simultaneously. In some
embodimentsagive bpineRobiisesseesentuctr mateanl wihareepagioinad saguentiany Fixher, as

noted earliery ihe; N J5 ROk UM R Y1 SR AHC WARRRAUBNEM RIS RS sk Snib SAMERMPbodiments,

the steps 11 and 12 may be performed simultaneously. In'some alternate embodiments, the steps 11
and 12 may e peaterchatrBlgsentisltp. Fhremtagiagnaiiersiapabobefitiicctemyornrdeetsr of steps.
In some embodiments;ihensten. Ll Ay deRsHABPed RO siem 1% ralienRtivelb e step 12 may
be performed before the step 11. [0097]In some embodiments, at least a portion of the semiconductor
material is caHtabesdaABeehédasameiing agent and the dopant source sequentially. In some
embodiments, the method may include the step of contacting at least a portion of the semiconductor
material withgoemassivating agem alevacbythenstardleoniaatieg at Iaast B padpmgofhhe
semiconductor material with the dopant source. In some embodiments, the method may include the

step of cont&LaH EFA 4555000l AR (s SRR HGU BB niltetREAR e8P Bobkht sBuf@@followed by

the step of contastingat|eRstrportpmahthe seonaaediueian matgyial it tharrseivaiingagent. In
certain embodiments, the method includes, at step 11, contacting (for example, by soaking or

spraying) at fPASCS PG JhthdBaRliSBREG oM TiRBIaf MRAMRSMithn SR 94 d LoRRBA: and

subsequentlye@instepgich comtacing (fiesraxanipeiob seaking ei&rmingiaideaspeieortion of the
semiconductor materi%I with a co%per salt solution. In certalngimbodiments the method includes, at

step 12, contaEfHY (RPN EITe, By SRt Gt Lprdyingiatt aCBBPﬁBﬁerlthfseIr%%‘Hﬁauctor
material withemboipamsaltisolchiate @sidribie rsibsaauRaly  taé siepdd regotadtiag (far example, by
soaking or spraying) at |east a portion of the semiconductor material with a cadmium chloride solution.
10006 alehlite GBS O s ST GO o PSP RN U tatheq with e
passivating ageit ehertbmblafiaEnsquire canaipEeribh hsgomendmbodinaitsetienpassivating agent
and the dopant source may, for example, be present in the same solution, or paste. In certain
embodiment3! R Pfood%ﬁlgmag; at steps 11 and 12, contacting at least a portion of the
semiconductor material with a solution including cadmium chloride and a copper salt. In certain
embodimentd)¥Blkeast a pbrtiomofeinb@bméntn ducioermatstiainmayphesoaked if thsalopiant including

the cadmium chioride and the.copper salt, or, altegnatively the cagmium chloride and the copper salt
maybe conclray e e 3 R Oy TS oo S
embodimentsntivel stepss 18 avdride maynbeqoedormed sivh thadeous in thesmomadlitegatd 14

embodimentg, iﬂ‘dS A eség’a% Gkt 2BBY engdf”%% REAUSHUBINe Eﬁﬁgﬁﬁ}éﬁ?sfﬂgﬁgg%a’g@y not be

limited by the order of steps. In some embodiments, the step 13 may be performe re step 14, or
alternatively athmistepntdninaiohe pdrdctopedt hefbessthenstegei®. 114 is in a range from about 5

x 10" atoms/cm’ to about 1 x 10?° atoms/cm”.

[0094] As noted earlier, the method includes treating a semiconductor layer
110 to form a first region 112 and a second region 114, wherein an average atomic
concentration of the dopant in the second region 114 is greater than an average atomic
concentration of the dopant in the first region 112. In some embodiments, a ratio of

the average atomic concentration of the dopant in the second region 114 to the
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[0100]In some embodiments, at least a portion of the semiconductor material is contacted with the
chemical agent and the contacting composition sequentially. In some embodiments, the method may
include the step of contacting at least a portion of the semiconductor material with the chemical agent
followed by the step of contacting at least a portion of the semiconductor material with the contacting
composition. In some embodiments, the method may include the step of contacting at least a portion
of the semiconductor material with the c%acgn com os'%tion follow ?Izb)é the §te81of ntgcting at

. aver?%ﬁ atomic con&en ration ? Oﬁa{]h 1n the 1irst ]I‘e 101 F T érea er %Il ou
least a portion of the semiconductor material wi e chemica §gen . In Ceétrtain embodiments, the
method incluideb) ststegnilddimetactinga(foroé damplaapy soakingooraprayingdfathiedspanportion of the
semiconducir material il af ipding selutien: snd subsequeniy slstap. 1 caniading (lor example,
by soaking or spraylng)r east a portion of the semiconductor material wi copper salt solution.
[0101]In alteregiten enhBoslipneaits, thiteaboet pdxtidin sbthe sabnidonedustar matenhltie cortageed with the
chemical agept.and e coniacting sameasiien cancurienily. In.soms empadiments. fns,chemical
agent and the contacting composition mag, or example, be present in the same solution, or paste. In
certain embaedimenitsfitimeofnibthdobint|udds, Sisndaneduslys atesteptidaduidlcontacting at least a
portion of the semiconductor material with a solution including iodine and a copper salt. In certain

embodimentgisieast a parifR.RTHBE SEBIGANHG !ﬁ‘é’&%%@@@éﬁ@@eﬁ%ﬁ?%@ﬁ%ﬁ%@” including

iodine and a copper salt. [0102]Further, in some embodiménts, the method may include performing the
steps 12, 13sangolugiaiitaneoddy). Witborhe sepRen®JammERE, the fsthsgivmylihel by,

simultaneougly, APedab RN SRNIAFHPO AiieaRtAipRIIP el S SericRNdURiqrmaterial with

a composition including the chemical agent and the dopant. In some such embodiments, the method
may further iNBllRE R 15Eataratraeptesiep RN medliuehar R BRAUTN 651HE Hoplitdrtothe

SemiCOndum@{){ﬂﬁa%%}IQJRHE}%JW\%EJRQ}QHI%%S&& SRS St agvhedimeitntye methed may

further include forming a second region 114 by forming a chalcogen region including the dopant, such

that the condeHiratiIs18E dopanAtin 2R deesndtrsdishicy ¢4 feagfepgmpracatementdidy of the
dopant in theifisgtsegiopniid ol AR R ¥emiais ¢ rabedimen. demathad aay dociudsigenigeting at

least a portion of the semiconductor material with a solution including iodine and a copper salt,
followed by &HEstHBAANSHESeYRI1dS) dereamElnbsHPRen @ atEpesisaant Roake'hithormed

sequentially i som&SHUcreRRaHIme sy aleRs fhb@neika-MRYibe pPatfameed sivansausly, or

alternatively, in some other embodiments, steps 11 and 12 may be performed sequentially. Further,

steps 13 an@TRINEYCHE 96 s PregeainYRItBLAdy aHags AS B AEsiin Epft S LY A RBAMRYRIENE in some
other embodigigats bsteRind it BRkRepeHYImed sepHRNisH R MthrutiReingbgund by any

theory, it is believed, that by performing the steps 12 and 14 separately, the amount of dopant
introduced it serARbIFEiRI Iy BRIGH thaviikad yibare 1o bR dhRLO YRS ds8leh 114 may be

more effectively controlled, which may lead to more efficient and stable photovoltaic devices, in
accordance pobgome emhodiveaehtaivfdhetaveadiod. fRh0Atudecordasgesnithangepmbagiment of

the invention, a method for treating the semicopductor layer 110 is presented. The method, in
eeortance TGP SISO hB <L b o T2 ool Mok Bl S BB Fig. 4. 1n
some embodimenisectislmetlnod2@ wahidiseatstepd, contastitg atdpast a oriivnaatithe

T P AR e JE g e a2,
region by copiadtiigratipasica abyieps. of e, seruitensubtadi mats) ihkwidpa ldhamdicalmgenht, wherein
the Chemica{ag Sr”rﬁé, Cégjrgl%ﬁégg(l)ﬂgly In some alternate embodiments, the steps 11 and 12 may
be performed sequentially. Further, the method may not be limited by the order of
steps. In some embodiments, the step 11 may be performed before step 12, or

alternatively, the step 12 may be performed before the step 11.

[0097] In some embodiments, at least a portion of the semiconductor material
is contacted with the passivating agent and the dopant source sequentially. In some

embodiments, the method may include the step of contacting at least a portion of the
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[0105]It should be noted, in some embodiments, two or more of the steps in Fig. 4 may be performed
simultaneously. Further, in some embodiments, two or more of the steps in Fig. 4, may be performed
sequentially, and the method may not be limited by the order of appearance of steps. In certain

embodiments, the step 22 is performed before step 23. In certain embodiments, the steps 21 and 22
are performed simultaneously, or, alternatively, in some other embodiments, the steps 21 and 22 are

performed sequentialh {0105TTE detalls of. e method stepa &1, 22, and 3. are descrjhed herein
earlier with réference o ig. 3. [ sOme b6 mené,%ﬁe opanfélncﬁJ es cd)pper, silver, %old, or
combinationstthereof. porcertanii émbedimentscthe dejpant widides doppear stweertaln embodiments,

the dopant inludes, lsmental capner, coRRSIIons, oLcorrbinanans. hereel IO some
embodiments, an average atomic concentration of the dopant in the"semiconductor material is in a
range from aoutdndub@diSnatomalom® thaldopéilt xdlddBfatbmsitim3Ha semefamitadimgnts, an

average atOﬁréiacs con%e%ratic%r{ of the %%gnéti(p the se i%?ﬁld Qctorarrgla\,t(atqirgl IS iGn a rﬁp%% rom about 1 x
1016 atoms cmé foPabout 5'x ?L‘E)f%]toms cmgnfﬁﬁé]?ln some el?n%od%megnf? the method Includes, at

step 23, formingcdimibutiuithericiethegionclinlso me embboimenatsinth&de burmplaitty segidnghas an

average ?‘tors??ﬁ?ﬁ' 9% t%'e'l‘é{ I (0. cadipiym é%éé@&fa%ﬁe%}ﬁ%}ﬂ?% Ut 24 SME §mRodiments,
the tellurium-fich region has an average atomic ratio of tellurium to cadmium in a range greater than
about 10. In somtieembudisnbsigyehd tellristaprith regitachieg dfvaexagplatdrmiceatmgf ¢ellurium to

cadmium in a_ran ter than 0109]In,accaordance with,one embodiment he invention,
a method forg ?rrggﬁl%gtgfg ggrr%?gn(ﬁj%%fr a?y%?%lsl%r@dsuegﬁ%ﬁl aF%réam‘glt hoacl%??(S),pi‘%r g%lfcposroggﬁéé with some
embodimentk aktiwnrerebtidmdstiu tiiremddwsctiivethddsh aefeap i ce tonFigtitg Ifsomenanshbgiments, the

method 30 i@Sh‘i&Eg’o?tﬁﬁﬁﬁiﬁb forning & chaleogengric ﬁ%@'%'&@é{o%%%%&}igﬂ@ke&‘%@ﬁ%?”i°” of the
semiconductor material with a“chemical agent, wherein the chemical agent includes iodihe. The
method includbssodntstepadd, therodbetgeadiopantaptbl trewhetivggéor ishmetsiopy f0akdkt®@hould be

noted, in SO%%E?%WQ&ESatBSrﬁE)qufG’&leaggrﬁgdﬁ'da%ls material with a cadmium chloride

solution.

[0098] In alternate embodiments, at least a portion of the semiconductor
material is contacted with the passivating agent and the dopant source concurrently.
In some embodiments, the passivating agent and the dopant source may, for example,
be present in the same solution, or paste. In certain embodiments, the method
includes, at steps 11 and 12, contacting at least a portion of the semiconductor
material with a solution including cadmium chloride and a copper salt. In certain
embodiments, at least a portion of the semiconductor material may be soaked in a
solution including the cadmium chloride and the copper salt, or, alternatively the
cadmium chloride and the copper salt maybe concurrently sprayed onto the surface of

the semiconductor layer 110.

[0099] In some embodiments, the steps 13 and 14 may be performed
simultaneously. In some alternate embodiments, the steps 13 and 14 may be
performed sequentially. Further, the method may not be limited by the order of steps.
In some embodiments, the step 13 may be performed before step 14, or alternatively,

the step 14 may be performed before the step 13.
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may be performed simultaneously. In some alternate embodiments, the steps 31 and 32 steps in Fig.
5, may be performed sequentially, and the method may not be limited by the order of appearance of
steps. In certain embodiments, the step 31 is performed before step 32. [0111]The details of the
method steps 31 and 32 are as described herein earlier with reference to Fig. 3. In some
embodiments, the method includes, at step 31, forming a tellurium-rich region. In some embodiments,
the telluriumpigfyegion has an, averadsatomic fatio.of tellim fa,cadmium,in 4 ande. grgater than
about 2. In some mbodlmen?s, the tentfium-nd reglon%as an average atomic ratio of tellurium to
cadmium in & amMgEgEateh tharlaboichlOzdnt soh éhe mibvaeaimentsnbipesielurkeapeictiaitbgidn has an
average atomic ratio,of tellurjum to cadmium in.a ra reater than about 40, [0112]In_ some
amhodmente Tho T s R B e S A e A
embodimentsf tthe depactndolude sreoppedr witlcaiteicremioed igmts fohewepant itcugdes elemental
copper, copper jons, or combinations.thereof as dopants. In some embodiments, an average atomic
concentratio‘rﬂotrjlgaﬁﬁ(1-:-Ii ozyzl)a?rlffaﬁ]l tﬁep(%épcnogoécr)lﬁ%hs%%fgﬁl (iig Cgt?éa ez}t rglfi: a lrE)Hut x f%c(%%?ns/cm& In
some embodwngntsfian. alresage atomidimenceHteatiothod theydopbadeiththeephellcogewtnghais in a range
greater than,ghut L 4019 SLOmS/STE. 0, 3oms SmBeimenis. 81 AYernds alomis songeptration of
the dopant in the ghgféogen-rlch region IS In a range from about 5 X 1018 atoms/cms o about 1 x 1020

atoms/cma3. {olle8Hd hgdbrdstepecivithntnei egnbioisse at[wirthe int¢hticamacorethagdrforaeating the

semiconducior,|ayer 41,2 rasenieds e metiondf,inacsRrianae vl some gmpodigents of the
invention, is further described With referénce to Ig. 6. ITn some embodiments, ffie metho includes, at
step 41, contaotanying ldést partje obyhesdmigondusporymateridl Withta chponical agferthewherein the
chemical agent in jodine, The method include p 42 C In least a pargion of the
semiconduct(gc%]h rhcgthgﬁlgﬁ\)/tit c%eégclar.%?lllgﬁt giacl)% d%btﬁl El?tlg’d,afn%sgqn@é%grﬁ%eb%%grﬁggné%hgéteps 41 and
42 in Fig. 6 matdseerfdemed aimldtahgosshkiruridrersprasorge embedimengrthensteipsl] and 42 in
Fig. 6, may Q@nﬁ) g&ﬁ %ir ﬁ&?ﬁt@l%’ an e (?gt-m{;ly not be limited by the order of appearance
of steps. In certé%ln er[%%od?}?wents, the ste|c§§1)AI[LJLé ?s petrs?%)rrﬁed before the step 42. [0115]In accordance
with one embodiment of the invention a method for treating the semiconductor layer is presented. The

method 50, i) Hetbrdancelvithtemide embedimaits 8t thaShveRAFIONs Airthe r GBYeARSFNIth reference
to Fig. 7. In spmgigmRodinerisd theimeiot R deenat figPhd  CANREHRI &igRRIROION Of the

semiconductor material with a chemical agent, wherein the chemical agent comprises a metal halide.
The method SABRYEEEA stelh 5308 neabPY BEWRstBEp SRFEH G tHELEmIEIn diftGPRREEBRRI with

copper. composition may, for example, be present in the same solution, or paste. In certain

embodiments, the method includes, simultaneously, at step 13 and 14, contacting at
least a portion of the semiconductor material with a solution including iodine and a
copper salt. In certain embodiments, at least a portion of the semiconductor layer 110

may be soaked in a solution including iodine and a copper salt.

[0102] Further, in some embodiments, the method may include performing the
steps 12, 13, and 14 simultaneously. In some such embodiments, the method may
include, simultaneously, at steps 12, 13 and 14, contacting at least a portion of the
semiconductor material with a composition including the chemical agent and the
dopant. In some such embodiments, the method may further include a heat treatment
step to introduce at least a portion of the dopant into the semiconductor material to
form the first region 112. In some such embodiment, the method may further include
forming a second region 114 by forming a chalcogen region including the dopant,
such that the concentration of dopant in the second region 114 is greater than the

concentration of the dopant in the first region 112. In an exemplary embodiment, the
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[0116]It should be noted, in some embodiments, the steps 51 and 52 in Fig. 7 may be performed
simultaneously. Further, in some embodiments, the steps 51 and 52 in Fig. 6, may be performed
sequentially, and the method may not be limited by the order of appearance of steps. In certain
embodiments, the step 51 is performed before the step 52. [0117]In accordance with one embodiment
of the invention a method for treating the semiconductor layer is presented. In some embodiments, the
method includeg, contacting atleast.a portion. of the semicnducion material with a (ellyriym-enriching
chemical agent to onm ate urlum-rlclt1 r%glon, WArEINThe telfurium-ennic Ing C emical agent includes
iodine. The telutiomuernidhig (pdhemichh agpptiras dedowdeas bsibde: gartemmiit k8}pVith the foregoing in
mind, photovoltaic devices and methods of making photovoltaic devices, according to some

embodimentg,ofithe invention. are furtiendesgribed hetain, Refering,pauria Figures,and 9. a

photovoltaic device 100/200 includes a window fayer 120/220 and a semiconductor layer 110/210
disposed onlipRive tage reIigPRE TThessemitbadd clér e Pa Toamed Isigastankestsiggion 112/212

and a secongytegioRdi4/gl4. e Uskregittolintal? USPOSe RrXimate fo he windawdayer
120/220. The first region 112/212 and the second region 114/214 include a dopant, wherein an

average atonfigueoHeBrrdtigrher.theRioparinid HeBax drdnedpomad aypultigegedyeithetingn average
atomic concepfEaHARAtNG IRV firShRI AR} albbdin R Leih s diSPAREY L R3Spdsed herein

means that depending on the configuration of the photovoltaic device, either the window layer 120/220

or the semicBeideieRse |agarentiofhn o Yiahowé brspbsednshtty b heeothiérisFrpissedintaynky
embodiments, one a8 MALSIBLRTYENING |aVEisaMaY,PediSRRREY HEBNESR theuindaw iRy le120/220

and the semiconductor layer 110/210. The term "proximate" as used herein means that the first region

112/212 is dispyserderseiapethénilisddistissgipn 12 20d/ihe necontheasigiol et RT Bt layer
150/250. [01lIheferayntemuaondkicipripyelc NpsPesstdestuRad inhdelabrRapifRol BRalerm "window

layer" as used herein refers to a semiconducting layer that is substantially transparent and forms a
heterojunctidl§ Vifgs tHeasepsiease B oRiye chodinents ebie iBksBEEIMents, the window layer 120/220
includes an n-type semiconductor material. In such embodiments, the semiconductor layer 110/210

may be dopegdiobpe p-typenane daganisdomhlayer drBsdz8ancihesemieansiiciom@yea ¥9/210 may
form an "n-p" heterojunction. Non-Iimiiing exifmplary mattgiail“for the window layer 120/220 include
cadmium sulfic P84S, SHRGRR AT Lulrde dhS<sproneistii ?zfﬁgt?’f’ﬂn@téﬁﬁ? VAN TYE)! zinc
selenide (Zn&m)e caskbilimcstlesTide: (BdSR)o0XyFanatedicasividny iHlficke taeSio)Figoppemoxide
(Cu20), zinc oxide h derlte BZnO H20), or %;mbin tions thergif. In a particular embodiment, the
window |ayeF‘E%f‘é%%° OIGHEs BYBRaS ) B iaiiBms therBBYBe 3b]fLSREEMbYdiments, the

dopant in thehiirs¢ regiaautical/ Aleitigl waes Bpassivating agent. The method includes, at step 22,
introducing a dopant into the semiconductor material. The method includes, at step
23, forming a chalcogen-rich region by contacting at least a portion of the
semiconductor material with a chemical agent, wherein the chemical agent includes

1odine.

[0105] It should be noted, in some embodiments, two or more of the steps in
Fig. 4 may be performed simultaneously. Further, in some embodiments, two or more
of the steps in Fig. 4, may be performed sequentially, and the method may not be
limited by the order of appearance of steps. In certain embodiments, the step 22 is
performed before step 23. In certain embodiments, the steps 21 and 22 are performed
simultaneously, or, alternatively, in some other embodiments, the steps 21 and 22 are

performed sequentially.
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p-type dopant. In some embodiments, the dopant in the first region 112/212 includes copper, silver,
gold, or combinations thereof. In certain embodiments, the dopant in the first region 112/212 includes
copper. In certain embodiments, the dopant in the first region 112/212 includes elemental copper,
copper ions, or combinations thereof. [0121]In some embodiments, a concentration of the dopant in
the first region 112/212 is substantially constant across the thickness of the first region 112/212. The

term "substantjally constant” as used herein means that a varjiance in the copcentration of the dopant
o s than IS5 perconSASAUIE (IRTECRR B s iR 23 3t e Rarr
embodimentsding sathiceliedictotdalyer. B10IR onmnckrdbsdavarisbikecdmzentiatiodesfdbgpdopant across

the thicknessif)f the fi (it (r)?t%ign 112{212'41%%@:2 ]in som&atleﬁngogg&enrl]ts arh%v&tr)%%%%% |&

concentration of the ¢ opant wﬂhlélq’l}(s){lsreglono '12%& 1SN an}ange rr%)trsﬁ abou I@a oms/cm3 to

about 1 x 1@08patonis/cenBinrestmd mamito dim elvisranrevedag el etamial coppentrapparabtise dopant in
the first region 112/212.is ir}a range from about 1 x 1016 atoms/cm3 to about 5 x 1017 atoms/cm3.

[0123]The sgégﬁglré%%%n ﬂ?ﬁelo ‘further includes a chalcogen-rich region. In some embodiments, the

second region 114/214 further includes a tellurium-rich region. The terms "chalcogen-rich region" and
“tellurium-rick) Fegion" havE&besre denpedinaeRfie ralriseiee aropddimasentiéorMinberdAentegion may

be further charageterized by e AvRIRES NORUGIANO Q5L UMM 10 GRUMIMY IR SRMBRMPRdiments,

the teIIurium-rigp region hgas an average atomic ratio of tellurium to cadmium in a range greater than
about 2. In sHedHBEATIMdAtEOMfectBROAUMSYibH ety $radi dinia voRsqBLENdeRi e StodePeiiurium to

cadmium in g, raRae eI Hormakeui 10m'a spmemmbasimanis: dre.isiuiym-rich reion has an

average atomic ratio of tegurium to cadmium in arange greater than about 40. The tellurium in the
tellurium-ricH Pegié®&§be in the form of elemental tellurium Te(0), telluride (Te2), or combinations
thereof. In some embodiments, tellurium in the tellurium rich region is in the form of elemental tellurium

and also in the1m of a teHusisige [OhB4liThemhaleegrRrttish iagicnmay Refunbershamcterized by the
thickness. In some embodiments, the chalcogen-rich region has a thickness in a range greater than

about 10 nafIHEHRSTIF Seile bR MO Sy s e B G  iBRAVEE ST a range
from about 1Qdmikometers te dhouh1R00aanameters. thgorngaeibadinebds: the dnaleegen-rich
region has a thickness in a range from ahout 50 nanometers to about 500 nan(t)m ters.
embodiments, the tellurium-rich region has an average atomic ratio of tellurium to
cadmium in a range greater than about 10. In some embodiments, the tellurium-rich
region has an average atomic ratio of tellurium to cadmium in a range greater than

about 40.

[0109] In accordance with one embodiment of the invention, a method for
treating the semiconductor layer is presented. The method 30, in accordance with
some embodiments of the invention, is further described with reference to Fig. 5. In
some embodiments, the method 30 includes, at step 31, forming a chalcogen-rich
region by contacting at least a portion of the semiconductor material with a chemical
agent, wherein the chemical agent includes iodine. The method includes, at step 32,

introducing a dopant into the chalcogen-rich region.

[0110] It should be noted, in some embodiments, the steps 31 and 32 in Fig. 5
may be performed simultaneously. In some alternate embodiments, the steps 31 and
32 steps in Fig. 5, may be performed sequentially, and the method may not be limited
by the order of appearance of steps. In certain embodiments, the step 31 is performed

before step 32.
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[0125]In some embodiments, the dopant in the second region 114/214 includes copper, silver, gold, or
combinations thereof. In certain embodiments, the dopant in the second region 114/214 includes
copper. In certain embodiments, the second region 114/214 in the semiconductor layer 110/210
includes elemental copper, copper ions, or combinations thereof as dopants. In certain embodiments,
the second region 114/214 may include copper telluride. [0126]In some embodiments, an average
atomic concggyigion of the,dopantin fheyseconreqion Lf/214 isafeater than abgut s 1018
atoms/cma3. In some embodiments, an average atomic Concentration of the cFopan? in the second
region 114/23AlieriwdlranipeegreateFtpad. abosorh dfi@datems/amSmietisainedndboditmeeps, an
average atomjc concentration of the dopant in the second, region 114/214.is in a range from about 5 x
7016 atomern SO £ rst Ateas S s SR RS
concentratiohasfahevdogznitionirersecaridakdgiomlibi/2ddiisgieatentbary@aten dragebtatgriic
concentratiop,of {n¢ dopankinfie fis region 112312, In, some.embadiments, & fatip af the average
atomic concentration of the praﬁt in'the secon regloﬁ Y arXado hed erage atomic concentration
of the dopangluthefitst cedponif1if/212ngqgpredar tHam about 50.1nIsosnmerTbbdiimesits, aheatio of the
average atomig, concentiation,of e dopant o e second togion MA/F14. g the ayerage atomic
concentration of the dropant%n the Tirst regio 12175 greater than abou 10" Th'Some émbodiments,
a ratio of thegmsateagimatdmint ¢dncentration of the dopant in the second region 114/214 to the average
atomic concentration of the dopant in the first region 112/212 is greater than about 50. [0128]In some

embodimentg, the semicopdueiak laydfobL Q0 fnghesJasiusderipding,pad & cRRCEIEtigN of iodine

in the semiconductor layer 110/210 varies across the thickness of the semiconductér layer 110/210. In

some embodRRENPSLREJdsE e d N eréiH) JatRpdiDraYSiihn dpanideriadetseripsr noppemis
interposed bgiweahRRackeonspshianeed awipdew layst: (e grncenratier ahiadingin the

semiconductor layer 110/210 may decrease in a direction away from the back contact layer and

towards the WRERWARaJePaHssoMesembSHIRRHRCTH AerdfeZoALBRtFatRITTTaHRE th the
semiconduciijayeh HMOZARL i3 2 LANEE 5P APAKE thXnl R @AM emS i ARPULH XHR19

atoms/cma3. In some embodiments, an average concentration of iodine in the semiconductor layer
110/210 is it RPAAGRCSNTABYEREX 0TS ARSI ALBE LR OTIBEHRRIRIES ficldMe

embodiments, 2R,348'aAGCONERAMERIRN &f iotingdn hensemiconductordayatki 04 LR dz.pea range
from about 1 x 1016 atoms/cm3to about 1 x 1018 atoms/cm3. [0129]In some embodiments, the

semiconducfiPRigetonremrtincRides denarhlity BegrairastmEsRds Al & AfofpeRtyirefthe plurality

of grain boungdggies 1S pUbsisntirlb tiesamne aqP8sihgdkigkness of the semiconductor layer 110/210.
The term "grain boundary morphology" as used herein refers to one or more of grain boundary size,

grain bound ape, and grain boundary composition. In some embodiments, the grain boundary
morphology?ﬁﬁg teIIuriun?ﬂrf’t?ﬁ?%E’i%?? ﬂﬁ?ﬂﬂ aﬁla‘ifﬂalg’ﬁm i ﬁ‘ﬁﬂ‘?m%;?‘(‘?élggﬁ ntially

same. In conteagh@bestieindidoiaviayessultjeciadsin e dreativ antisdaistiong &iskéngithemical

agent" typically includes.grain boundaries that are preferentially etched relative to the grajns on the

Ciace of QTS OU B AP ARAHA A LR TN MSPSERY Sl e thekness o

the semiconguigtoeayedirshnotited aatlied ihelphstaaltajcHe\iorsanaotdingdo sporaa@misodiments of

the invention advantageously provide for a semiconductor layer with a tellurium-rich region that may

function as AP AR AR DA FOHSH HSSHlsab S ERtn S SHEBAL R by er intact,
includes iodine. The method includes, at step 42, contacting at least a portion of the

semiconductor material with copper.

[0114] It should be noted, in some embodiments, the steps 41 and 42 in Fig. 6
may be performed simultaneously. Further, in some embodiments, the steps 41 and
42 in Fig. 6, may be performed sequentially, and the method may not be limited by
the order of appearance of steps. In certain embodiments, the step 41 is performed

before the step 42.
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[0130]Referring now to Figures 8 and 9, in accordance with some embodiments of the invention,
photovoltaic device configurations and methods of making the photovoltaic devices are further
described herein. With continued reference to Fig. 8, in some embodiments, the photovoltaic device
100 includes a "superstrate” configuration of layers. In such embodiments, the photovoltaic device 100
further includes a support 140 and a transparent layer 130 is disposed on the support 140, as

indicated in Ei The window layer 120 is disposed on the tr arent layer 130 and.the
Cemonducioliaer 110 i eatihee W ke SEhaRie S hE NG £ neiie B,
embodimentsethegsdiar sadiatindud®ehtges fsopreteetsdppbint IM&chaddafter passidapteraugh the

wansparent layer 130, and. e windowlaxer k20, eniets e semicondudior ayer 110. whare the
conversion of elec romagnelhc energy o ncident [s] (for Instance, sunlig B 1o elettrori-hole pairs
(that is, to freenatentriceliclargehoonihod 603d¢Indonae gepbddicnetits;ipatdaepparptddisdfansparent
over the range. of wavelnalhs 19t uhieh fransmission.fraugh thesuaRort 149 s desied, jn one
embodiment, he suppor g mayebe transparen 10 Visible |g’nt‘Y1aV|ng a wave eng% ira range from
about 400 nevtopaiseutal @0 himlidesorfibeemigbdimentsdehe Bupprrbd 2.4 Comokides @ neaterial capable

of withstandin heat%r%atment temperatures. greater than about 600C, such as, for example, silica or
noft esemlﬁondu Or material w CO

.- 10 €r. . .
borosilicate Bass. In'some other embodiments, the su%)port 140 includes a material that has a
softening temperature lower than 600C, such as, for example, soda-lime glass or a polyimide. In some

embodimentéépain othelt [siars! b deddispwsed| webndisiette tharsiprirahtedndudieglayer 130 and
the support 140, SUG, A {RASXAMRIR.ARBNUFEHRSUYE e ehBRARIERIYR! (Reksioum- [0132]In

some embodiments, the transparent conductive layer 130 includes an electrically conductive layer

(sometimes PeféRrERtPirAL betnesfarfsdt careactaihyeind shedisgibed dnsy it bagpBiied4D) as
indicated in fig. Badp sPmpEmhedioTentss thenvineaw iayssdeRis dispasgs sirrchyRintha electrically

conductive layer 132 (not shown). In alternate embodiments, the transparéent conductive layer 130
includes an BrdetAcBAYEBRGuCctive layer 132 disposed on the support 140 and an additional buffer
layer 134 (optional) is interposed between the electrically conductive layer 132 and the window layer

120, as indiqatedjn Fig. 8Iinacoe&mbodimeindhenibaaspanerifcardustmidayar hddbaga thickness
in a range from about 100 nanometers to about 600 nanometers. [(gl 3]In some mbod'!mﬂents, the

electrically cBRHIEIBY AN IS HERI R A REPSPAAT-colutictive TRRSL T g examples

of transparemicludes contacting at least a portion of the semiconductor material with a tellurium-
enriching chemical agent to form a tellurium-rich region, wherein the tellurium-
enriching chemical agent includes iodine. The tellurium-enriching chemical agent has

been described earlier.

[0118] With the foregoing in mind, photovoltaic devices and methods of
making photovoltaic devices, according to some embodiments of the invention, are
further described herein. Referring now to Figures 8 and 9, a photovoltaic device
100/200 includes a window layer 120/220 and a semiconductor layer 110/210
disposed on window layer 120/220. The semiconductor layer 110/210 includes a first
region 112/212 and a second region 114/214, the first region 112/212 disposed
proximate to the window layer 120/220. The first region 112/212 and the second
region 114/214 include a dopant, wherein an average atomic concentration of the
dopant in the second region 114/214 is greater than an average atomic concentration
of the dopant in the first region 112/212. The term “disposed on” as used herein
means that depending on the configuration of the photovoltaic device, either the

window layer 120/220 or the semiconductor layer 110/210 may be disposed on top of

28



conductive oxides include cadmium tin oxide (CTO), indium tin oxide (ITO), fluorine-doped tin oxide
(SnO:F or FTO), indium-doped cadmium-oxide, cadmium stannate (Cd2Sn0O4 or CTO), doped zinc
oxide (Zn0), such as aluminum-doped zinc-oxide (ZnO:Al or AZO), indium-zinc oxide (I1ZO), and zinc
tin oxide (ZnSnOx), or combinations thereof. Depending on the specific TCO employed and on its
sheet resistance, the thickness of the electrically conductive layer 132 may be in a range of from about

50 nm to abqut 69§ nm,.in pne embodimeq}t.&9134 In some embodiments thq%Q(hotovolt ic device 100

further includés & buffer Pa{gleerr ’(6&&%% ,eg}sg calfe a%r}ﬁhocarr%osr%tglﬁ%rg?rlg}%p gr?t?f—?ﬁé eIayer 134,

interposed béwwesml thetwinoahelayieddR0layed tH20LRCtnIcd I conductindadayeraydl. 1 aie.

embodiment, the thickness of the buffer layer 134 is in.ar from abo to,about 200 nm.
Non-fimiting ShadsHibs o1 SN Ie thateaale ot e B e PSS 2 (o aBR) 2inc tin
oxide (zinc-sthrseate AN @inkryioped/RA b yiblen (Smi2aiZ) (wihe baikle @) Jagdiud0a63d0e (In203), or
combinations thereof. [0135]As described earlier, the semiconductor layer 110 includes a second

region 114 gy pyfirst regigil 4T Re ARbIRAIAB Ao S disPRReA BEIBAIE fodhG: iadew layer 120,

as indicated in Fig. 8. In one embodiment, the photovoltaic device 100 further includes a back contact
layer 150. Inldsnierembuiditnsniayeie packebheietairders50 is drspssadystigniaxertéhgielsecond

region 114 of fhe SemIGondngiarlayaid ¥l cenagsmRedinGRis. @RAhGt Bietaliay g4 got shown),

for example, aluminum, may be disposed on the back contact layer 150 to provide lateral conduction

to the outsidél&Elik. [J238)Ms rsvdedenrepédirhentsipdene [stese hEMyEhtioalvesy Broviderr efficient
and stable pHOIQVIRIEFENIGRS N $RNLEIPAHIRAS; APEAAVOHAICHRYIGE NIEes A yyindow layer,

and a semiconductor layer disposed on window layer, wherein upon exposure to 1-sun illumination at

open circuit Bt slepathEreire-bPabist 8scibidep dayer AAUHA ey BE thrpetdveRaitadevice
decreases by g8 hanyPRRKT PG HeLE!S ﬁfﬁﬁ%xﬁnmﬁﬂlﬁﬁﬁﬂg’&@ﬂ@ﬁqﬂﬁgﬁi’s §6FiGR resistance
increases by less than about 1.0 ohm-cm2. [0137]In some embodiments, @ method of making a
photovoltaic‘ﬂﬁ\ﬂ@@ iayer 120/220 include cadmium sulfide (CdS), indium (III) sulfide (In,S3),

zinc sulfide (ZnS), zinc telluride (ZnTe), zinc selenide (ZnSe), cadmium selenide

(CdSe), oxygenated cadmium sulfide (CdS:0), copper oxide (Cu,0), zinc oxide

hydrate (ZnO'H,0), or combinations thereof. In a particular embodiment, the window

layer 120/220 includes CdS, CdS:O, or combinations thereof.

[0120] In some embodiments, the dopant in the first region 112/212 includes a
p-type dopant. In some embodiments, the dopant in the first region 112/212 includes
copper, silver, gold, or combinations thereof. In certain embodiments, the dopant in
the first region 112/212 includes copper. In certain embodiments, the dopant in the

first region 112/212 includes elemental copper, copper ions, or combinations thereof.

[0121] In some embodiments, a concentration of the dopant in the first region
112/212 is substantially constant across the thickness of the first region 112/212. The
term “substantially constant” as used herein means that a variance in the concentration
of the dopant is less than about 5 percent across the thickness of the first region
112/212. In some other embodiments, the semiconductor layer 110/210 includes a

variable concentration of the dopant across the thickness of the first region 112/212.

[0122] In some embodiments, an average atomic concentration of the dopant

in the first region 112/212 is in a range from about 1 x 10" atoms/cm’ to about 1 x
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presented. In some embodiments, the method of making a photovoltaic device 100 includes disposing
a transparent layer 130 on a support 140. In some embodiments, the method includes disposing a
transparent layer 130 including an electrically conductive layer 132 on a support 140, by any suitable
technique, such as sputtering, chemical vapor deposition, spin coating, spray coating, or dip coating.
Referring to Fig. 8, in some embodiments, an optional buffer layer 134 may be deposited on the
electrically conductive layer, 132, using sputtering to form the transparent layer . The window layer
720 may be et GAhvSla B Qi FaR T e GRS o s P Bosinon
methods for inéhwificowe ayeri12Qittisde omange frone dfelodexspitasuiimation(©8S), vapor
transport method {(\)/r;ll's%l%gsputtering, and electrochemical bath deposition (CBD). [0138]The method
further includes (ﬁllsposmg a semiconductor layer 110 on the window layer 120 by employing one or
more methods selected from close-space sublimation (CSS), vapor transport method (VTM),

ion-assisted [fhydical vaporhgeprssiidnqgrmViDy/ 24 didurbguendydss pukedcaesgnatiorespiittering (RFS
or PMS), plagma, Gehanced GRRRIcAL \Reok Aenasiian 4REE Yihand glrelarhamisahdegpsition

(ECD). [0139]In some embodiments, the method of making a photovoltaic device further includes
treating the segfidondlietdeayercharegtngishaesipnorandr thid laforemehtisraantrdaamsebeadehniques.

The method fugier ingluges gispasing ARafineaRtatla¥anAe AR hR SRR IGRNAWEIaY faygr 110 to

complete the device, in some embodiments. One or more of the window layer 120, the semiconductor
layer 110, théhpeeleEaedadtlager Dsuagraatoaisayabe faftHel wowiedor cidneisguenty treared (for

example, anpeled AR ﬁ?&?&iﬂﬁﬂﬁ?ﬁ@ﬁ%@ﬁk‘Tﬁs‘%_%@@%@'%ﬂ@‘fﬁiﬁ)l&otdl%%%“t@'tematwe

embodiments, as illustrated in Fig. 9, a Ehotovoltaic device 200 including a "substrate" configuration is
presented. THEBHBTOUbRAIRIGE\JERAOGHEIMRRY 3-bdrlcerstapthadunan dispsHeswh-H&upport 240.

Further, a seirandigtan 13v6n2d QrsndiSPaRe S oRithR RAGS ComRthipNes 2ahaRdadvingrw layer 220

is disposed on the semiconductor layer 210. As described earlier, the semiconductor layer 210
includes a s@BBRd!feglBrioma eRprdifieriedisHhiinhE ¢ segi)idiian FEcHes Fserisikimate to the

window layep £ 2q;.A rangParantilaven3qdaderhesdismasesonthe witdewdaygn a2 AR illustrated
in Fig. 9, in such embodiments, the solar radiation 30 enters from the transparent layer 230 and after

passing throlsgNE iRk s IRy 8t X, Bl dare ekatsarildalayar $a@)vrldredaéiconversion of

electromagngific,ansray S mridesit Ighidier MBasReRMIghDithaleattaRtRRIG R (abis, to free
electrical charge) occurs. In some embodiments, the composition of the layers illustrated in Fig. 9 may

have the sarifdt8iapRsRiBhelnsas ishurimogadlsyng e fore ofipdebitEtie configuration. [0141]In
some embodiments, other components (not shown) may be included in the exemplary photovoltaic
device 100/2002spch as, iuss Eamsogxierival Wiking |aser eiehesitieie. Barexarmple, whahdhe device

100/200 forms a photoyoltaic cell of a photoyoltaic module, a plurality of photovoltaic cells may be
conneoted il SEHIS I D138t STRAEVACE e S RAE R e A Aot g
connection. meakeetdwhthirsetescanseeiedcsisnmambalaiiachechéocaseiiahlaichndgieior such as a
wire or bus har, to direct the generated current tg convenient locatjons for connection to g device or
other systerm s FRGEnB ASEER IR, TR Ltrid BAEBIHE AL 2B Mo P Mo REREER olBcribe the
deposited layeiis: afnlibe qihriavoliriclitdvige d-0RR e tondivide thldexicaiatenage!dralityabdeeries
connected cells. Some embo ime%%of the invention further include a photovoltaic module, including

one or more PHOtBYBIESE dR ke 1002588 Gescribed earlier.

[0125] In some embodiments, the dopant in the second region 114/214
includes copper, silver, gold, or combinations thereof. In certain embodiments, the
dopant in the second region 114/214 includes copper. In certain embodiments, the
second region 114/214 in the semiconductor layer 110/210 includes elemental copper,
copper ions, or combinations thereof as dopants. In certain embodiments, the second

region 114/214 may include copper telluride.
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EXAMPLES Example 1 Preparation of CdTe/CdS/ZnO/CTO/glass sample [0142]A multi-layered
sample including CdTe was prepared by depositing cadmium tin oxide (CTO) on a glass support
followed by deposition of zinc tin oxide (ZTO) layer on the CTO. Cadmium sulfide (CdS) was then
deposited on the ZTO layer followed by deposition of cadmium telluride (CdTe) on the CdS layer to
form CdTe/CdS/ZznO/CTO/glass sample. Comparative Example 1: Cadmium telluride photovoltaic

device [014% lloidal graphite paste was deposited on the CdTe layer of the
CaTe/CaS A ST O glaih SIS B ARG B by e A s el S8  for 8
min. The devicehwascohptiied By 4@pésitingeattaydrof stiokelsardl@ fagemed/ainidunso@emparative

Example 2: Cadmjum telluride subjected to the first copper treatment followed by CdC12 treatment,
folowed by (18 AL Kot L eatm e LT L R E e AT BT S et Eample 1
was immerséd4f2 kh iajueous solteteofheopieu(first ¢0ppeptmeatment) 0MppmbodiRSitat 65 C for 2
minutes. The sa(,neole was then rinseg vyjth d?-' nized Watertﬂ;\nd d(r)ie&j. The rqﬁ%qgr sample was

coated with admiumi chloride C(%%&llﬁ% ](TE)(S) 9 ? aﬁgaﬁééli' treated at 415 ¢ for n

minutés. The CdC12
treated sampiegedsoringboufdt 2 Hifateswiitin de-alonizéd Wateattotistwad by immersion in ethylene
di-amine (EDA) at room temperature for 1 minute. The resulting sample was then rinsed with

de-ionized wgferAnd driedy The GGzt QAR SYORIE WA SRPRISED AL AMBAHPAHS iHqlEion of

copper (second copper treatment; 250 ppb, pH 4.5) at 65 C for 2 minutes. The sample was then rinsed
with de-ioniZégangtereaen ditédl foifo@eaieytiepasifver accippiiacoraphitationseé Bsdlaptdaling the

device at 16¢, GijorBmigibhedeyiqe Was cBmpIekeshMhRRROSIING:S [y BICLIEKE! angidayer of

aluminum. _ . _ _
concentration of the dopant in the second region 114/214 to the average atomic

concentration of the dopant in the first region 112/212 is greater than about 5. In
some embodiments, a ratio of the average atomic concentration of the dopant in the
second region 114/214 to the average atomic concentration of the dopant in the first
region 112/212 is greater than about 10. In some embodiments, a ratio of the average
atomic concentration of the dopant in the second region 114/214 to the average

atomic concentration of the dopant in the first region 112/212 is greater than about 50.

[0128] In some embodiments, the semiconductor layer 110/210 further
includes iodine, and a concentration of iodine in the semiconductor layer 110/210
varies across the thickness of the semiconductor layer 110/210. In some
embodiments, as described in detail later, wherein the semiconductor layer 110/210 is
interposed between a back contact layer and a window layer, the concentration of
iodine in the semiconductor layer 110/210 may decrease in a direction away from the
back contact layer and towards the window layer. In some embodiments, an average
concentration of iodine in the semiconductor layer 110/210 is in a range from about 1
x 10' atoms/cm® to about 1 x 10" atoms/cm’. In some embodiments, an average
concentration of iodine in the semiconductor layer 110/210 is in a range from about 1
x 10" atoms/cm’® to about 1 x 10" atoms/cm®. In some embodiments, an average
concentration of iodine in the semiconductor layer 110/210 is in a range from about 1

x 10'® atoms/cm® to about 1 x 10" atoms/cm®.
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Comparative Example 3: Cadmium telluride photovoltaic device subjected to standard copper and
back contact treatment [0145]The CdTe/CdS/ZTO/CTO/glass sample of Example 1 was subjected to
standard CdC12/Cu/Conductive contact treatment to form a back contact. Example 2: Cadmium
telluride subjected to sequential CdC12 and first copper treatment followed by sequential iodine and
second copper treatment [0146]The CdTe/CdS/ZTO/CTO/glass sample of Example 1 was coated with

cadmium chigride(CAC12),(100 o/L) gnd e (repted. at 4o, for £0.minylos, g e £l 2 reated
sample was rinsed for 2 minutes wi dE-ionized WatdF Tonowe By iMMmersion in e ylllene di-amine
(EDA) at rogphutehtpefaguae fooun dametand henremliting s ahihle phaslibe nfrgrsedhwithddadonized water

and dried. The CdCl12-treated sample was then immersed in an aqueous soluti f copper chloride
et copmer oSN B R e e R R

de-ionized water dgdhidrieoundaeydniedpbampie wasikakddrfon 4afursutesoat 240mhrd hd rgsuiting sample

was immers%g irqd%p agueous solution, of io%ine (I%MO.l %ngl—rllgd?g %65 C.for 2 nﬂlnlétes. The

resulting samp]lle was then ﬁﬁ%ﬂers%laiflﬁ an Saa Bouis soldtion ot copper ¢ orit leo?'secono? Icglc()a“pper

treatment; 260ppbnehts}. H)caagB86nChfam@daninutephdlogysampie wHsribenmibsegwithldé/drdized water

and cred fol e Repagiion af Al giel rannls paite Nd afnealpathe devic aideo § or8

min. The device was complete epositing a layer o Rickel and gqléyer of aluminum. Fig. 10
illustrates a ¢raphsobgtrentaensicpifneAlcnsi)eversusrongtageh(vy foraimecphewoltaipdatize initially,

and after subjecting the.device to HALT (Highl celerated Life Testing) test conditions {exposure to
1-sun iIIumir%%gurcP %g’t rglé%q%?rl%:%lf? at 1 tC?%%%l@%ﬁﬁr@ f%hé?v%@lr\{ggﬁa%ﬁée%r %ﬁ?c%né@gand stability
data for photowtitaiodthdcemfderdneple Ryersusl phatdwltaicudahlic gsaof Conppatagiye&Esssmples 1 and

2. As lllustrajd Jﬁﬁé?%ﬁjsoo?@ﬁ E%Rl%gn&%@m%%‘f?“ e ‘?X&Cgaﬂfi&?‘%[g\%'ﬁo?&?%x‘{g%@%‘?r efficiency

values and better stability performance as compared to photovoltaic devices of Comparative Examples
1 and 2. Tablecorthitial tansoPwstehbdimestovd|ttic devioti perfdvastagecokbraoteyidticéoioraphotovoltaic

device (Examefc%)ldﬁ&gpﬂ%?%ﬁig?&fﬁ’rium—rich region that may function as an ohmic back

contact, while keep the grain boundaries of the semiconductor layer intact.

[0130] Referring now to Figures 8 and 9, in accordance with some
embodiments of the invention, photovoltaic device configurations and methods of
making the photovoltaic devices are further described herein. With continued
reference to Fig. 8, in some embodiments, the photovoltaic device 100 includes a
“superstrate” configuration of layers. In such embodiments, the photovoltaic device
100 further includes a support 140 and a transparent layer 130 is disposed on the
support 140, as indicated in Fig. 8. The window layer 120 is disposed on the
transparent layer 130 and the semiconductor layer 110 is disposed on the window
layer 120, as indicated in Fig. 8. In such embodiments, the solar radiation 30 enters
from the support 140, and after passing through the transparent layer 130 and the
window layer 120, enters the semiconductor layer 110, where the conversion of
electromagnetic energy of incident light (for instance, sunlight) to electron-hole pairs

(that is, to free electrical charge) occurs.

[0131] In some embodiments, the support 140 is transparent over the range of
wavelengths for which transmission through the support 140 is desired. In one
embodiment, the support 140 may be transparent to visible light having a wavelength

in a range from about 400 nm to about 1000 nm. In some embodiments, the support
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[ge] Normalized Voc [V] Normalized Jsc [mA/cm2] Normalized Roc [Ohms] Normalized 1-1-

140 includes a material capable of withstanding heat treatment temperatures greater
than about 600°C, such as, for example, silica or borosilicate glass. In some other
embodiments, the support 140 includes a material that has a softening temperature
lower than 600°C, such as, for example, soda-lime glass or a polyimide. In some
embodiments certain other layers may be disposed between the transparent conductive
layer 130 and the support 140, such as, for example, an anti-reflective layer or a

barrier layer (not shown).

[0132] In some embodiments, the transparent conductive layer 130 includes
an electrically conductive layer (sometimes referred to in the art as a front contact
layer) 132 disposed on the support 140, as indicated in Fig. 8. In some embodiments,
the window layer 120 is disposed directly on the electrically conductive layer 132 (not
shown). In alternate embodiments, the transparent conductive layer 130 includes an
electrically conductive layer 132 disposed on the support 140 and an additional buffer
layer 134 (optional) is interposed between the electrically conductive layer 132 and
the window layer 120, as indicated in Fig. 8. In one embodiment, the transparent
conductive layer 130 has a thickness in a range from about 100 nanometers to about

600 nanometers.

[0133] In some embodiments, the electrically conductive layer 132 includes a
transparent conductive oxide (TCO). Non-limiting examples of transparent
conductive oxides include cadmium tin oxide (CTO), indium tin oxide (ITO),
fluorine-doped tin oxide (SnO:F or FTO), indium-doped cadmium-oxide, cadmium
stannate (Cd,SnO4 or CTO), doped zinc oxide (Zn0O), such as aluminum-doped zinc-
oxide (ZnO:Al or AZO), indium-zinc oxide (IZO), and zinc tin oxide (ZnSnQOy), or
combinations thereof. Depending on the specific TCO employed and on its sheet
resistance, the thickness of the electrically conductive layer 132 may be in a range of

from about 50 nm to about 600 nm, in one embodiment.

[0134] In some embodiments, the photovoltaic device 100 further includes a
buffer layer (optional), also called a higher resistance transparent (HRT) layer 134,
interposed between the window layer 120 and the electrically conductive layer 132.

In one embodiment, the thickness of the buffer layer 134 is in a range from about 50
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Initial 1.00 1.00 1.00 1.00 1.00 24 hours HALT 1.02 1.01 1.00 1.09

nm to about 200 nm. Non-limiting examples of suitable materials for the buffer layer
124 include tin dioxide (Sn0O,), zinc tin oxide (zinc-stannate (ZTQO)), zinc-doped tin

oxide (SnO,:Zn), zinc oxide (ZnO), indium oxide (In,O3), or combinations thereof.

[0135] As described earlier, the semiconductor layer 110 includes a second
region 114 and a first region 112. The first region 112 is disposed proximate to the
window layer 120, as indicated in Fig. 8. In one embodiment, the photovoltaic device
100 further includes a back contact layer 150. In some embodiments, the back contact
layer 150 is disposed proximate to the second region 114 of the semiconductor layer
110. In certain embodiments, another metal layer (not shown), for example,
aluminum, may be disposed on the back contact layer 150 to provide lateral

conduction to the outside circuit.

[0136] As noted, embodiments of the present invention may provide for
efficient and stable photovoltaic devices. In some embodiments, a photovoltaic
device includes a window layer; and a semiconductor layer disposed on window
layer, wherein upon exposure to 1-sun illumination at open circuit at a temperature of
about 65°C for 56 days, an efficiency of the photovoltaic device decreases by less
than about 5 percent relative to an initial value, and a normalized series resistance

increases by less than about 1.0 ohm-cm”.

[0137] In some embodiments, a method of making a photovoltaic device is
presented. In some embodiments, the method of making a photovoltaic device 100
includes disposing a transparent layer 130 on a support 140. In some embodiments,
the method includes disposing a transparent layer 130 including an electrically
conductive layer 132 on a support 140, by any suitable technique, such as sputtering,
chemical vapor deposition, spin coating, spray coating, or dip coating. Referring to
Fig. 8, in some embodiments, an optional buffer layer 134 may be deposited on the
electrically conductive layer 132, using sputtering to form the transparent layer 130.
The window layer 120 may be then deposited on the transparent layer 130. Non-
limiting examples of the deposition methods for the window layer 120 include one or
more of close-space sublimation (CSS), vapor transport method (VTM), sputtering,

and electrochemical bath deposition (CBD).
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1.01 48 hours HALT 1.00 1.01 1.00 1.09 1.00 Table 2 Initial and Post-HALT Efficiency data for
ohotovoltaic devices Example Normalized Initial

[0138] The method further includes disposing a semiconductor layer 110 on
the window layer 120 by employing one or more methods selected from close-space
sublimation (CSS), vapor transport method (VTM), ion-assisted physical vapor
deposition (IAPVD), radio frequency or pulsed magnetron sputtering (RFS or PMS),
plasma enhanced chemical vapor deposition (PECVD), and -electrochemical

deposition (ECD).

[0139] In some embodiments, the method of making a photovoltaic device
further includes treating the semiconductor layer 110 using one or more of the
aforementioned treatment techniques. The method further includes disposing a back
contact layer 150 on the semiconductor layer 110 to complete the device, in some
embodiments. One or more of the window layer 120, the semiconductor layer 110,
the back contact layer 150 may be may be further heated or subsequently treated (for

example, annealed) after deposition to manufacture the photovoltaic device 100.

[0140] In alternative embodiments, as illustrated in Fig. 9, a photovoltaic
device 200 including a “substrate” configuration is presented. The photovoltaic
device 200 includes a back contact layer 250 disposed on a support 240. Further, a
semiconductor layer 210 is disposed on the back contact layer 250, and a window
layer 220 is disposed on the semiconductor layer 210. As described earlier, the
semiconductor layer 210 includes a second region 214 and a first region 212. The
first region 212 is disposed proximate to the window layer 220. A transparent layer
230 is further disposed on the window layer 220. As illustrated in Fig. 9, in such
embodiments, the solar radiation 30 enters from the transparent layer 230 and after
passing through the window layer 220, enters the semiconductor layer 210, where the
conversion of electromagnetic energy of incident light (for instance, sunlight) to
electron-hole pairs (that is, to free electrical charge) occurs. In some embodiments,
the composition of the layers illustrated in Fig. 9 may have the same composition as

described above in Fig. 8 for the superstrate configuration.

[0141] In some embodiments, other components (not shown) may be included
in the exemplary photovoltaic device 100/200, such as, buss bars, external wiring,

laser etches, etc. For example, when the device 100/200 forms a photovoltaic cell of a
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Efficiency Fel Normalized Post HALT Efficiency [go] Example 2 1.00 1.00 Comparative Example 1
0.34 0.27 Comparative Example 2

photovoltaic module, a plurality of photovoltaic cells may be connected in series in
order to achieve a desired voltage, such as through an electrical wiring connection.
Each end of the series connected cells may be attached to a suitable conductor such as
a wire or bus bar, to direct the generated current to convenient locations for
connection to a device or other system using the generated current. In some
embodiments, a laser may be used to scribe the deposited layers of the photovoltaic
device 100/200 to divide the device into a plurality of series connected cells. Some
embodiments of the invention further include a photovoltaic module, including one or

more photovoltaic devices 100/200 as described earlier.
EXAMPLES
Example 1 Preparation of CdTe/CdS/ZnO/CTO/glass sample

[0142] A multi-layered sample including CdTe was prepared by depositing
cadmium tin oxide (CTO) on a glass support followed by deposition of zinc tin oxide
(ZTO) layer on the CTO. Cadmium sulfide (CdS) was then deposited on the ZTO
layer followed by deposition of cadmium telluride (CdTe) on the CdS layer to form
CdTe/CdS/ZnO/CTO/glass sample.

Comparative Example 1: Cadmium telluride photovoltaic device

[0143] A colloidal graphite paste was deposited on the CdTe layer of the
CdTe/CdS/ZTO/CTO/glass sample of Example 1, followed by annealing of the device
at 160 °C for 8 min. The device was completed by depositing a layer of nickel and a

layer of aluminum.

Comparative Example 2: Cadmium telluride subjected to the first copper treatment

followed by CdCl, treatment, followed by the second copper treatment

[0144] The CdTe/CdS/ZTO/CTO/glass sample of Example 1 was immersed in
an aqueous solution of copper (first copper treatment; 100 ppb, pH 2.5) at 65 °C for 2
minutes. The sample was then rinsed with de-ionized water and dried. The resulting
sample was coated with cadmium chloride (CdCl,) (100 g/L) and heat treated at 415

°C for 20 minutes. The CdCl, treated sample was rinsed for 2 minutes with de-
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0.86 0.80 [0147]Fig. 11 further illustrates the normalized efficiency and stability data for photovoltaic
device of Example 2 versus photovoltaic device of Comparative Example 3 (standard CdC12/Cu back
contact). As illustrated in Fig. 11, the photovoltaic device of Example 2 showed higher efficiency
values and better stability performance as compared to the photovoltaic device of Comparative
Example 3. Example 3: Cadmium telluride subjected to sequential CdC12 and first copper treatment

followed by simultaneous iodine and second copper frea nt%o 4_E%the C dS/ZTO/CTO/glass
ample of IR TRt Ao L e T 20 L A Rtk FORHEd at 415 ¢
for 20 minutesnpératuCel©1 2 reaved sBmpésultas insgdefona? tninutesswithtbleldanineedwater followed by

immersion in ethylene di-amine (EDA) at room temperature for 1 minute. The resulting sample was
then imsed A8 S S A G H e ARE s S VHET hERBISEe i an
aqueous sol(teonmolf coeetichioraie, Gretppdppét oatment; O5Sepbnphhi@s) Ehé5a@pbe Faminutes. The

sample was fien Hinsefl with de-ienizefl water and dried The,dried sample; was baked for, ¢ minutes at
low and high ke empera ures. The resu ing samp]Ies were Immersed In an agueous solution of
iodine (12) (elaghitepphacs padchoopparckioridey{secontbbopPefarehitmant; 250 plpbicoHWSE) at 65 C
for 2 minutesc. 'Ill'lh?e%%gllgg vgguiianthzle{]arir}s(%dn\l/\c/ﬁgldgi)ioqizecri water ¢ allnd ngied followed by deposition of
colloidal grapﬂlté) paste-an annegllng Yheevice at 160 € for 8'min. The devices were completed by
depositing a layer of nickel and a layer of aluminum. Fig. 12 illustrates the normalized efficiency values

for the photdvertme dexadesinnlaliy, Gatmawartelimjieiplpthuotaisce vicembrested kotanitid. The

efficiency angd,sfability §ai aghigyeriscamparable to the efficiency and stability data of photovoltaic
device of Example 2. Example 4: Cadmium telluride subjected to CdC12 treatment followed by

simultaneous iodine and second co%er treatment (No first copper treatment) .
[0145] The CdTe/CdS/ZTO/CTO/glass sample of Example 1 was subjected to

standard CdCl,/Cu/Conductive contact treatment to form a back contact.

Example 2: Cadmium telluride subjected to sequential CdCl, and first copper

treatment followed by sequential iodine and second copper treatment

[0146] The CdTe/CdS/ZTO/CTO/glass sample of Example 1 was coated with
cadmium chloride (CdCl,) (100 g/L) and heat treated at 415 °C for 20 minutes. The
CdCl,-treated sample was rinsed for 2 minutes with de-ionized water followed by
immersion in ethylene di-amine (EDA) at room temperature for 1 minute. The
resulting sample was then rinsed with de-ionized water and dried. The CdCl,-treated
sample was then immersed in an aqueous solution of copper chloride (first copper
treatment; 100 ppb, pH 2.5) at 65 °C for 2 minutes. The sample was then rinsed with
de-ionized water and dried. The dried sample was baked for 4 minutes at 240 °C.
The resulting sample was immersed in an aqueous solution of iodine (I,) (0.1 g/L, pH
2.5) at 65 °C for 2 minutes. The resulting sample was then immersed in an aqueous
solution of copper chloride (second copper treatment; 250 ppb, pH 4.5) at 65 °C for 2
minutes. The sample was then rinsed with de-ionized water and dried followed by
deposition of colloidal graphite paste and annealing the device at 160 °C for 8 min.
The device was completed by depositing a layer of nickel and a layer of aluminum.
Fig. 10 illustrates a graph of current density (mA/cm?) versus voltage (V) for the

photovoltaic device initially, and after subjecting the device to HALT (Highly
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[0149]The CdTe/CdS/ZTO/CTO/glass sample of Example 1 was coated with cadmium chloride
(CdC12) (100 g/L) and heat treated at 415 C for 20 minutes. The CdC12 treated sample was rinsed for
2 minutes with de-ionized water followed by immersion in ethylene di-amine (EDA) at room
temperature for 1 minute. The resulting sample was then rinsed with de-ionized water and dried. The
CdC12-treated sample was then immersed in an aqueous solution of iodine (12) (0.1 g/L, pH 2.5) and

copper chlo eco d eatment H 4.5) at 65 C for.2 minutes. The sample was
then rinsed WI e- |orEI{|ze wa 3rm i rrpeb Cf)(t)f\;‘\%s %)eposrhon of collﬁorglaflgrarrl)h?tte rg)aste and
annealing theideitice ﬁflfiGO)C arb&minankh2 stewichwasrooiptdteffibiedapasitisighaligydataf nickel and
a layer of a|lfmlnlfllﬂ} a12(rlllu§Ct£a% he e nar nﬁlrzed effi (i)OV t\éﬁ;lclu s for th} otovol aic devices
initially as well % ater su bjecefrng the dévice to HALT tedt'Con |ons e[Cﬁ%SO]O I(I)us?ra?ed in Fig. 12,

samples thaE\xmlnstlsalbjebtedsolthemtsd oorﬂ)gr (@ atmh drab(E Za el @bt brad thowvdeatfecténcy values
versus samples sufge&t 0t\(})veb tﬁr e f|r -Cop| er tr aetgnent 'grles de copper tre treatment
(Example 3). Fiow ever, he sam ?ﬁa‘% Were ot sulf)Jec:il 8 e frrst co p Fireatment %Ig:“xample 4)
had |mprovecbefmre¢h0yp7hhmmbmpdceut¢e @é@miemsub}elimmdﬁtdmﬂdra back contact copper
treatment (Comparative Example 3). Fig. 12 further illustrates the effect of annealing temperatures
(2006, 25003 ipploysl AUiROshe HistiephiidRRTeaL A i and:tehlibpggformance of
the photovoltaic devices. Example 5: Effect of copper concentration in the first copper treatment and in
the second ddpperdemdrncofameriady and stability data [0151]The CdTe/CdS/ZTO/CTO/glass
sample of Exampie T was immn ‘f\féﬁgaif‘z@[f AGLEOHE, 59 gplgaqugg e[n%rﬁlgg e attwo different
concentratigns (first copper trea 80 pprZOO ppb) a} 65 Cifor %mrnu &8 S SEFHENg sample
was sprayed with cadmium chlorrd d 12) srt){;,r]tron QQAQZHZ nd @%@ESI eated at 390 C fpr 20

minutes. The CdCi2-treated samp as rjsed for-2-min WIL 1 ue onized-water fottowed by
immersion in_et_hyl&ﬂ&_agj:amme Iiiggm rrmmf rﬁnprqtuiﬁ |n|]lf 6Thr: rest fl(%g sam ples were
then rinsed Wi HeviorfikdtTvater andldried. THetdC12- terﬁed gample8 were thelnlinmersed in an

aqueous solutignefiioding (2) (0.1gjb) and copper chloridepgt two diffgrent concengy@tions| (100 ppb,
200 ppb) at 65 C for 2minutes. The samples were then rinsed with de-ionized water and dried
followed by deposition of colloidal graphite paste and annealing the devices at 145 C for 14 minutes.
The devices were completed by depositing a layer of nickel and a layer of aluminum. [0152]Fig. 13
illustrates thd #ierddnréa W&%fo TeEagf WH%Yrﬂ?rtﬁrf%ll’;hﬁt‘?m}F@&q%Wﬁ-ﬁﬁ/ as well as after
subjecting the device to HALT test conditions,. Fig\rslirsddri§ahe effeqy o COPRAMKRpceNtration
employed during the firste@ppRe treatment and the s@f:fé{rf;éjl@dpper tregimentas s &ffieigncy and

0

stability performance of the photovoltaic devices

Example 2 1.00 1.00
Comparative Example 1 0.34 0.27
Comparative Example 2 0.86 0.80

[0147] Fig. 11 further illustrates the normalized efficiency and stability data

for photovoltaic device of Example 2 versus photovoltaic device of Comparative
Example 3 (standard CdCl,/Cu back contact). As illustrated in Fig. 11, the
photovoltaic device of Example 2 showed higher efficiency values and better stability

performance as compared to the photovoltaic device of Comparative Example 3.

Example 3: Cadmium telluride subjected to sequential CdCl, and first copper

treatment followed by simultaneous iodine and second copper treatment

[0148] The CdTe/CdS/ZTO/CTO/glass sample of Example 1 was coated with
cadmium chloride (CdCl,) (100 g/L) and heat treated at 415 °C for 20 minutes. The
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Example 6: Cadmium telluride subjected to CdC12 treatment followed by iodine treatment (No first
copper and second copper treatment) versus simultaneous iodine and copper treatment (No first
copper treatment) [0153]The CdTe/CdS/ZTO/CTO/glass sample of Example 1 was sprayed with
cadmium chloride (CdC12) (100 g/L) and heat treated at 390 C for 20 minutes. The CdC12 treated
sample was rinsed for 2 minutes with de-ionized water followed by immersion in ethylene di-amine

(EDA) at roo mperature for 1 minute. The resulting sam as then.rinsed with de-ignized water
and dicd. TR AL el HiTe o S PR A MR SR IR o) o
g/L, pH 2.5) omasrsiguenusthglationichd2nan@EEopper chionderipbrppive 100 ppmi2@d. ppbhand 400
ppb) at 65 C for 2 minutes. The sample were. then rinsed. with de-i n'ze% ter dried followed by
Geposition of SHTOHRMT L e A O g e, R T e evices
were completedpdy depabitingrarensed of rokad e a dalpeioof alwoppamcionde srspleppeere further
subjected to lamination bake f inutes at.145 C.[0154]Fig. 14 illystrates the normalized efficiency
valios for e DA et bl o TP 1 e AT TS,
conditions. AkllstatedaiieFigd 1dt shniphesdihed wenplonkasibjectddrtd h2iteatrmehivhaddower

efficiency vafllilek%/aekrg,ges nispae%g)les s_l.ilﬂectelclilttp both 1 Sangrg%cn%\edr copper treatment, C‘#%ggls;,e trhe

second coppeig treatmentiresulted in w%;ra%veagl-ﬁgflp Ber ormance. Examp 67 EHect
concentrationf andzadrdinntOtélIghidepBuBjé L tedl tocgpguehtiad dodisee @t sapendreatppart tréziment

versus simultanequs jedine cond er treatment [0155]The CdTe/CdS/ZTO/CTO/glass
sample of E §r€1 e 14 \%ggtcbc?gfetés%ﬁ%](%aoﬁ%m%ﬁ%oﬁﬁep i d\&ef%)t?%}({%?% %%(‘h%éaﬁrrlgzgéd at415C
for 20 minutesitdihend dGd@ fivBaved! SanijsieovitisrinEedlford2l rpinphés withedevbamnedlinatdefollowed by

immersion inethyle yapine (EDA) atroom. te re inyte 2 desulti ple was
![hen rinlsedI:/?/%a %e#:}ngzbe%@vil%ierg e?n’i]J dr?Ierge." ?ﬁgﬁr‘gﬁ{gﬁ% %ﬁ&é%% t%ee-(gr:01 glt,llg Lé‘té}g %gag?mult:;\eous
gé Sequben;glnwéaltmlsha\/lﬂmllﬁ (ﬂllngt%)manﬂi_gobbéﬂlaﬁtmiﬁer@ntmmétﬁfﬁsi@% mib@SZQO pptzl,

ppb, -  &fon 2 : e rips -ionize
water and dgg%qﬁﬁ %%IV%% Qt?ﬁ%)g?o%%ifgn %ﬁ iléﬂg:o%% r%p it%%%%ﬁ%ﬁﬁ%ﬁ%gﬁ n%) E%‘%E}\]/Egsg at 160 C
for 8 min. Theoudvices Wieatbmpieiethdydbpugitiag adbigeedinisiepanble tayer off wigndnum.

[0156]Fig- 13 1{uiateS Hie A halRssh &lGIRRGY MAHGR[RE Y1e photovoltaic

Example 4: Cadmium telluride subjected to CdCl, treatment followed by

simultaneous iodine and second copper treatment (No first copper treatment)

[0149] The CdTe/CdS/ZTO/CTO/glass sample of Example 1 was coated with
cadmium chloride (CdCl,) (100 g/L) and heat treated at 415 °C for 20 minutes. The
CdCl, treated sample was rinsed for 2 minutes with de-ionized water followed by
immersion in ethylene di-amine (EDA) at room temperature for 1 minute. The
resulting sample was then rinsed with de-ionized water and dried. The CdCl,-treated
sample was then immersed in an aqueous solution of iodine (I) (0.1 g/L, pH 2.5) and
copper chloride (second copper treatment; 250 ppb, pH 4.5) at 65 °C for 2 minutes.
The sample was then rinsed with de-ionized water and dried followed by deposition
of colloidal graphite paste and annealing the device at 160 °C for 8 min. The device
was completed by depositing a layer of nickel and a layer of aluminum. Fig. 12
illustrates the normalized efficiency values for the photovoltaic devices initially as

well as after subjecting the device to HALT test conditions.
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devices initially as well as after subjecting the device to HALT test conditions. As illustrated in Fig. 15,
sequential treatment of 12 and Cu resulted in improved efficiency when compared to simultaneous
treatment with 12 and Cu. Further, higher concentration (e.g., 1900 ppb) of copper resulted in devices
with poor HALT performance. Example 8: Effect of iodine concentration on efficiency and stability data
[0157]The CdTe/CdS/ZTO/CTO/glass sample of Example 1 was coated with cadmium chloride

(CdC12) (10 é and heat treated at 415 C fqr,20 minutes. The CdC12-treated sample was rinsed for
5 mimutas wit 08l onizet WP TS Bk Ao B SHAy e Ak She oA e
temperaturedoppbnticattec & xesling Sadjple avaffittiencsinsdeywitrade-somipgked whjectaddodried. The

resulting sa as then subjected sequential treatment with 12 at differen centrations (0.036
. 0,203 g8 205 SR eUPEEL S TRl Ol ber tobrant RPBe CHATIR TR HE, Shmples weere
then rinsed Witiwdeeip thzechmwelter thadvedrie chéo lhoiyedtdry ebe ditistncop pollomangraghiterppiste and
annealing the devjce at 240, C for.8 min. .The devices were completed b ositi layer of nickel
2nd a layer o7 b e b BN E GRS IE ST SRS RS B 1 i
devices initiaibpastwelpps dftetrsobjettingthetdeviceaoABT td3gcdAditoher Abidiustsatbd in Fig. 16,

12 concentration affected the e{ficienc and (?dgi ity E tovoltaic devices. Further, higher
concentation (o 0B GG KRRy e R I G U et o W8k ced stabilty.
Example 9: TreHtrienn eendieleétidayiey imdadibilitg peHiaiohe siehié che photbRdhaathentd©159]Fig. 17A
shows the scanning electron micrograph of a surface of an untreated CdTe film. Fig. 17B shows the

scanning elegaRIS0RTRN of adilace RLaAMME B HRsted WihIZh AR Jlusaieg ioures L7A

and 17B, there Is ho substantia of the 12 treatment on t oundaries of CdTe films when
treated with Zowheppasrtieabuiaobnivdieraie armd yndidittidieetched with 12 treatment. [0160]X-ray
photoelectron spectroscopy (XPS) was used to determine the

[0151] The CdTe/CdS/ZTO/CTO/glass sample of Example 1 was immersed in
an aqueous solution of copper chloride at two different concentrations (first copper
treatment; 100 ppb, 200 ppb) at 65 °C for 2 minutes. The resulting sample was
sprayed with cadmium chloride (CdCl,) solution (100 g/L) and heat treated at 390 °C
for 20 minutes. The CdCl,-treated sample was rinsed for 2 minutes with de-ionized
water followed by immersion in ethylene di-amine (EDA) at room temperature for 1
minute. The resulting samples were then rinsed with de-ionized water and dried. The
CdCl,-treated samples were then immersed in an aqueous solution of iodine (I) (0.1
g/L) and copper chloride at two different concentrations (100 ppb, 200 ppb) at 65 °C
for 2 minutes. The samples were then rinsed with de-ionized water and dried
followed by deposition of colloidal graphite paste and annealing the devices at 145 °C
for 14 minutes. The devices were completed by depositing a layer of nickel and a

layer of aluminum.

[0152] Fig. 13 illustrates the normalized efficiency values for the photovoltaic
devices initially as well as after subjecting the device to HALT test conditions. Fig.
13 illustrates the effect of copper concentration employed during the first copper
treatment and the second copper treatment on the efficiency and stability performance

of the photovoltaic devices.
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concentration profile of cadmium and tellurium in Example 2 when compared to the untreated CdTe
layer. As illustrated in Fig. 18A, the untreated CdTe layer includes a stoichiometric concentration of
cadmium and tellurium, and further the relative concentration of cadmium to tellurium does not vary
across the thickness. As illustrated in Fig. 18B, cadmium was depleted and tellurium was enriched

near the surface of the CdTe layer for Example 2. Thus, as illustrated in Fig. 18B, treatment with 12

results in formation of a tellurium-rich region, for exampl Vi thickness of about 100 nm. Fig. 19
shows that thé tel ﬁ?iuér?w-tﬁgﬁnrlé%%r{emg lljg esShe er(f?g(r?llté tgiﬂ?’liﬁm%?%% gf%iod’v \?v(lithgéfel- .llrfelgures 20
and 21 furtheestmoeuta(dedl diisinvopgielaer foconedcaptive intenface) betwmeentndt@ddasaioditiee back

contact Iaye%n@%m gret(fg daerl}{ @porﬁ% scgﬁ%(%t o et‘r%g1 SIMS) was used to determine the
concentration pro?ﬁ) of I6dine In the cadmium teffnide It yer. Fig. 22 shows the SIMS profiles of
Example 2 and Comparative Example 1. As illustrated in Fig. 22, the sample subjected to a 12

treatment refU&d in a CdT@Ia@éT@(_ﬂﬁS@E@fﬁ@r@/gi@ﬁ‘%héW@éeiIIQI%_th@EHR Flg."‘zlz,. $HELBIS profile of
Example 2 sRay thatthe,cansaalradaesf dindhs Gl flaislyaries aryegsiliehickngss. Example

10: Copper depth profile in cadmium telluride subjected to different copper treatments

[0162]Seconbihidnlniested sanpdeneas (Sid Syiam insies (5idedsrinnecthe denéeinragibRyprofile of
copper (Cu) i, e AT & aypyiierdhmiiie @B Rogessoae R Riarnis: 21 Asillustratgd in Fig. 23A,

CdC12 layer subjected to CdC12 treatment and the untreated CdTe layer show a similar profile of Cu

in the CdTe 1aydfirzurthatie fasshey shsabjvétndetnized & ¥gicind disdirstopgérlraaapént (Cu-1),
resulted in ingarpRIraiRNRhCARREF8l theRUlacs R NG fof 1: [y G head, ) P aled BluFig;)33B. The first

copper treatment step followed by bake (Cu-1 bake) resulted in greater mcor&ora ion of Cu into the

bulk of the CHT2INSANY seltistrated mtisorBe cigrds B MupdbattVtRabHde dhberprofifld after the 12
treatment stepyyas G41bstagtially;similer tadharpRPGER aflR hefereihs de ibaptaapisienqrable 3

further shows the percentage atomic composition of the CdTe layer subjected to different treatment

steps. TablediFbreBavgsbicneLinmpoisidividrCermahidgeaste and annealing the devices at

145 °C for 14 minutes. The devices were completed by depositing a layer of nickel
and a layer of aluminum. Some samples were further subjected to lamination bake for

14 minutes at 145 °C

[0154] Fig. 14 illustrates the normalized efficiency values for the photovoltaic
devices initially as well as after subjecting the device to HALT test conditions. As
illustrated in Fig. 14, samples that were only subjected to I, treatment had lower
efficiency values versus samples subjected to both I, and second copper treatment.

Further, the second copper treatment resulted in improved HALT performance.

Example 7: Effect of copper concentration on cadmium telluride subjected to
sequential iodine and second copper treatment versus simultaneous iodine and second

copper treatment

[0155] The CdTe/CdS/ZTO/CTO/glass sample of Example 1 was coated with
cadmium chloride (CdCl,) (100 g/L) and heat treated at 415 °C for 20 minutes. The
CdCl,-treated sample was rinsed for 2 minutes with de-ionized water followed by
immersion in ethylene di-amine (EDA) at room temperature for 1 minute. The
resulting sample was then rinsed with de-ionized water and dried. The resulting

sample was then subjected to simultaneous or sequential treatment with I, (0.1 g/L)
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C Cd Cl Cu |1 0 Te Te/Cd After first copper treatment and bake 25.1

and copper at different concentrations (190 ppb, 290 ppb, 380 ppb, 760 ppb, 1900
ppb), at 65 °C for 2 minutes. The samples were then rinsed with de-ionized water and
dried followed by deposition of colloidal graphite paste and annealing the device at
160 °C for 8 min. The devices were completed by depositing a layer of nickel and a

layer of aluminum.

[0156] Fig. 15 illustrates the normalized efficiency values for the photovoltaic
devices initially as well as after subjecting the device to HALT test conditions. As
illustrated in Fig. 15, sequential treatment of I, and Cu resulted in improved efficiency
when compared to simultaneous treatment with I, and Cu. Further, higher
concentration (e.g., 1900 ppb) of copper resulted in devices with poor HALT

performance.
Example 8: Effect of iodine concentration on efficiency and stability data

[0157] The CdTe/CdS/ZTO/CTO/glass sample of Example 1 was coated with
cadmium chloride (CdCl,) (100 g/L) and heat treated at 415 °C for 20 minutes. The
CdCl,-treated sample was rinsed for 2 minutes with de-ionized water followed by
immersion in ethylene di-amine (EDA) at room temperature for 1 minute. The
resulting sample was then rinsed with de-ionized water and dried. The resulting
sample was then subjected sequential treatment with I, at different concentrations
(0.036 g/L, 0.203 g/L, 0.514 g/L, and 0.1 g/L) and copper (350 ppb), at 65 °C for 2
minutes. The samples were then rinsed with de-ionized water and dried followed by
deposition of colloidal graphite paste and annealing the device at 240 °C for 8 min.

The devices were completed by depositing a layer of nickel and a layer of aluminum.

[0158] Fig. 16 illustrates the normalized efficiency values for the photovoltaic
devices initially as well as after subjecting the device to HALT test conditions. As
illustrated in Fig. 16, I, concentration affected the efficiency and stability of
photovoltaic devices. Further, higher concentration (e.g., 0.5 g/L) of I, resulted in

devices with lower efficiency values and reduced stability.

Example 9: Tellurium-enriched layer in cadmium telluride subjected to I, treatment
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23.41.50.7 ND 26.8 22.6 0.96 After 12 treatment 16.0 1.0 ND

[0159] Fig. 17A shows the scanning electron micrograph of a surface of an
untreated CdTe film. Fig. 17B shows the scanning electron micrograph of a surface
of Sample 2 (treated with ;). As illustrated in Figures 17A and 17B, there is no
substantial effect of the I, treatment on the grain boundaries of CdTe films when
treated with I, whereas the bulk of the grain are substantially etched with I,

treatment.

[0160] X-ray photoelectron spectroscopy (XPS) was used to determine the
concentration profile of cadmium and tellurium in Example 2 when compared to the
untreated CdTe layer. As illustrated in Fig. 18A, the untreated CdTe layer includes a
stoichiometric concentration of cadmium and tellurium, and further the relative
concentration of cadmium to tellurium does not vary across the thickness. As
illustrated in Fig. 18B, cadmium was depleted and tellurium was enriched near the
surface of the CdTe layer for Example 2. Thus, as illustrated in Fig. 18B, treatment
with I, results in formation of a tellurium-rich region, for example, having a thickness
of about 100 nm. Fig. 19 shows that the tellurium-rich region includes elemental
tellurium (Te(0)) along with Te-O. Figures 20 and 21 further show a tellurium-rich

layer formed at the interface between the CdTe and the back contact layer.

[0161] Secondary ion mass spectrometry (SIMS) was used to determine the
concentration profile of iodine in the cadmium telluride layer. Fig. 22 shows the
SIMS profiles of Example 2 and Comparative Example 1. As illustrated in Fig. 22,
the sample subjected to a I, treatment resulted in a CdTe layer with I, content.
Further, as illustrated in Fig. 22, the SIMS profile of Example 2 show that the

concentration of I, in the CdTe layer varies across the thickness.

Example 10: Copper depth profile in cadmium telluride subjected to different copper

treatments

[0162] Secondary ion mass spectrometry (SIMS) was used to determine the
concentration profile of copper (Cu) in the CdTe layer after the different process steps
of Example 2. As illustrated in Fig. 23A, CdCl, layer subjected to CdCl, treatment
and the untreated CdTe layer show a similar profile of Cu in the CdTe layer. Further,

43



ND 0.2 6.6 76.1 100 ND-Not detected [0163]The second copper treatment step (Cu-2) resulted in
greater incorporation of Cu into the surface of the CdTe layer, as illustrated in Fig. 23E. Further, Fig.
23F shows the copper depth profile in the CdTe layer of Example 2 versus an untreated CdTe layer.
Example 11: Cadmium telluride subjected to first copper treatment followed by iodine or managnese
chloride treatment [0164]The CdTe/CdS/ZTO/CTO/glass sample of Example 1 was coated with

the step of subjecting the CdTe layer to the first copper treatment (Cu-1), resulted in
incorporation of copper at the surface of the CdTe layer, as illustrated in Fig. 23B.
The first copper treatment step followed by bake (Cu-1 bake) resulted in greater
incorporation of Cu into the bulk of the CdTe layer, as illustrated in Fig. 23C. Fig.
23D illustrates that the copper profile after the I, treatment step was substantially
similar to the copper profile before the I, treatment step. Table 3 further shows the
percentage atomic composition of the CdTe layer subjected to different treatment

steps.

Table 3 Percentage atomic composition of CdTe layer

C Cd |[ClI |Cu |I O Te | Te/Cd
After first copper treatment and 25.1 1234 1.5 |07 | ND |26.8|22.6|0.96
bake
After I, treatment 160|1.0 |[ND|ND |02 |6.6 |76.1]| 100
ND—Not detected

[0163] The second copper treatment step (Cu-2) resulted in greater
incorporation of Cu into the surface of the CdTe layer, as illustrated in Fig. 23E.
Further, Fig. 23F shows the copper depth profile in the CdTe layer of Example 2

versus an untreated CdTe layer.

Example 11: Cadmium telluride subjected to first copper treatment followed by iodine

or managnese chloride treatment

[0164] The CdTe/CdS/ZTO/CTO/glass sample of Example 1 was coated with
cadmium chloride (CdCl,) (100 g/L) and heat treated at 415 °C for 20 minutes. The
CdCl,-treated sample was rinsed for 2 minutes with de-ionized water followed by
immersion in ethylene di-amine (EDA) at room temperature for 1 minute. The
resulting sample was then rinsed with de-ionized water and dried. The CdCl,-treated
sample was then immersed in an aqueous solution of manganese chloride tetrahydrate
(MnCly4H,0, 100 g/L, 50 ppb copper) at 22 °C for 2 minutes. The sample was then
rinsed with de-ionized water and dried. The resulting sample was immersed in an

aqueous solution of iodine (I;) (0.1 g/L, pH 2.5) or manganese chloride tetrahydrate
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cadmium chloride (CdC12) (100 g/L) and heat treated at 415 C for 20 minutes. The CdC12-treated
sample was rinsed for 2 minutes with de-ionized water followed by immersion in ethylene di-amine
(EDA) at room temperature for 1 minute. The resulting sample was then rinsed with de-ionized water
and dried. The CdC12-treated sample was then immersed in an aqueous solution of manganese
chloride tetrahydrate (MnC12'4H20, 100 g/L, 50 ppb copper) at 22 C for 2 minutes. The sample was

then rinsed wyj -jopized ywater and dried..The resulting sample was immersed in an agueous
solution of i(\)ﬁi}i}{nﬁe8 EZA?_? 1%%% f%?%ﬁg%rggr%glg %ﬁ]oﬁg 4 rﬁ%sd}% & kﬁﬁéﬁeﬂ—&%, 600 g/L) at
65 C for 2 mieutaszdhevsamples dverd thBowinkéd withositioanidechliaitbn andptitie dpfoliowed by
deposition of collgidal graphite past npealing.the device at 160 C for 8 min..The .devices were
completed by HE ARG Sy 601 Gkl g T el e SR er e g A P R R e
efficiency valuésytor thenptieiowottaic teviced of lEwanmmple 1l 24riMnGaRstrdatad)ankdz@bmparative

Example 3. As.illustrated in Fig. 24, the efficiencies values achieved, for.the devices of mple 10 are
com parable,egfrll(a%(%é’ﬁ%hees gﬁﬁ(;.e%g;}} (\)/tgm%ga%r &Vécga\ﬂgegsxg %faijlrrzl plgtz 106(:@%? etrr?ﬁ%ﬁhe
efficiency vaind fEothpadeweelofaBpreparatide Ehastpied3 i diligs LHhetappéindedcataimdware intended

to claim the inyention.as broadly as it has been canceived and tge ex s hereinpresented are
lusiative of o e S T ST D . o the
Applicants' intdntiofothibe they mppehtiadsidend asdeittrtthive thmitBdisndhe dooite diceestavnysles utilized
to illustrate f res ﬁf he present invention. As used in the claims, the word "comprises” and its
grammaticalg\/ﬁa&li:(z)aﬁl1 sg %Egl]‘llgﬁyﬁﬁf)e%btend and include phrases of varying and differing extent such as
for example, but not limited thereto, "consisting essentially of' and "consisting of." Where necessary,
ranges havel BN suppliedherinendedskniane Hielinsansest t Samnrtisgesendea pehieadly iSs to be

expected that yatialiens indbasa tanoes wilk Lihgmreluasdo.r RIRGHREr fravingiaidinary skill

in the art and where not already dedicated to the public, those variations should where possible be

construed totHbediasat BiPtRetdppeelddatiainBotsilalsskedisisated theacadighees i SiSence and

technology wilhmake equivalpsapdhsupsiions Aassibie tbeiAke NRliRVhCRRaiRpiates by reason
of the imprecision of Iaryﬁua e and these variations should also be construed where possible to be

covered by tHE indlustiaEieatres I thsopgisr iadpaioR 100 PrReBVHItfDRvice 110
Semiconducter Layer ddd ket regiensl i meeeed "egiand 2 \WineWidYeibtend and include

phrases of varying and differing extent such as for example, but not limited thereto,
"consisting essentially of" and "consisting of." Where necessary, ranges have been
supplied; those ranges are inclusive of all sub-ranges there between. It is to be
expected that variations in these ranges will suggest themselves to a practitioner
having ordinary skill in the art and where not already dedicated to the public, those
variations should where possible be construed to be covered by the appended claims.
It is also anticipated that advances in science and technology will make equivalents
and substitutions possible that are not now contemplated by reason of the imprecision
of language and these variations should also be construed where possible to be

covered by the appended claims.
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method for treating a semiconductor layer comprising a semiconductor material, comprising:
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(a) contacting at least a portion of the semiconductor material with a passivating agent, wherein the
semiconductor material comprises a chalcogenide; (b) forming a first region in the semiconductor
layer by introducing a dopant into the semiconductor material; (c) forming a chalcogen-rich region;
and (d) forming a second region in the semiconductor layer, the second region comprising a
dopant; wherein an average atomic concentration of the dopant in the second region is greater
than an averéggﬁ\;fgnic concentration of the dopant in the first region. 2. The method of claim 1,
wherein two or more of the steps (a), (b), (c) and (d) are performed simultaneously. 3. The method
of claim 1, wherein two or more of the steps (a), (b), (c) and (d) are performed sequentially. 4. The
method of claim 1, Whérahrthedstentipytunipriseiseetielcingysr leespa pegtib Acofitradmintconductor
material wit%@%ﬁlc%quggmgrising the dopant. 5 The method of claim 1, wherein the dopant in
the first region comprises copper, silver, gold, or combinations thereof. 6. The method of claim 1,
wherein the step (c}eordpirssmgontataiihy at RUYEA pUrtiba demiceednitonduaterthatatal with a

chemical aggilsivatife ARG MENQE LUFAM BRI GRADIGRHAGENEFARYYRRR 2N oxidant, an
acid, a metal halide, or combinations thereof.
(b) forming a first region in the semiconductor layer by introducing a dopant

into the semiconductor material;
(c) forming a chalcogen-rich region; and
(d) forming a second region in the semiconductor layer, the second region
comprising a dopant;
wherein an average atomic concentration of the dopant in the second
region is greater than an average atomic concentration of the dopant in the first

region.

2. The method of claim 1, wherein two or more of the steps (a), (b), (c) and

(d) are performed simultaneously.

3. The method of claim 1, wherein two or more of the steps (a), (b), (c) and

(d) are performed sequentially.

4. The method of claim 1, wherein the step (b) comprises contacting at least a

portion of the semiconductor material with a metal salt comprising the dopant.

5 The method of claim 1, wherein the dopant in the first region comprises

copper, silver, gold, or combinations thereof.

6. The method of claim 1, wherein the step (c) comprises contacting at least a

portion of the semiconductor material with a chemical agent.

7. The method of claim 6, wherein the chemical agent comprises an oxidant,

an acid, a metal halide, or combinations thereof.
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8. The method of claim 6, wherein the chemical agent comprises iodine, sulfuric acid, hydrochloric
acid, manganese chloride, zinc chloride, ammonium chloride, or combinations thereof. 9. The
method of claim 1, wherein the step (c) comprises forming a tellurium-rich region. 10. The method
of claim 1, wherein the dopant in the second region comprises copper, silver, gold, or combinations
thereof. 11. The method of claim 1, wherein the step (d) comprises contacting at least a portion of
the semiconductor material with a contacting composition comprising the dopant at a concentration
less than about 10 parts per million. 12. A method for treating a semiconductor layer comprising a
semiconductor mat&rialllcomptisidgof cla{e) 6orwhetinig dtdeasiniq@drtigenofdhrasercanductor material

with cadmium chloride; farming a first region in the, semiconductor.layer by introducing copper
o the serm ARy O R S o T oMLY porion
of the semicohiducknromaisriahatithatetrendical agent, wherein the chemical agent comprises iodine;
and (d) forming a second region in the semiconductor layer, the second region comprising copper,
wherein an average atomic concentration of copper in the second region is greater than an average
atomic concentratich dfheappéroihdaheldirst reglomein the step (¢) comprises forming a tellurium-

rich region.

10. The method of claim 1, wherein the dopant in the second region

comprises copper, silver, gold, or combinations thereof.

11. The method of claim 1, wherein the step (d) comprises contacting at least
a portion of the semiconductor material with a contacting composition comprising the

dopant at a concentration less than about 10 parts per million.

12. A method for treating a semiconductor layer comprising a semiconductor
material, comprising:

(a) contacting at least a portion of the semiconductor material with cadmium
chloride;

(b) forming a first region in the semiconductor layer by introducing copper
into the semiconductor material;

(c) forming a tellurium-rich region by contacting at least a portion of the
semiconductor material with a chemical agent, wherein the chemical agent comprises
iodine; and

(d) forming a second region in the semiconductor layer, the second region
comprising copper,

wherein an average atomic concentration of copper in the second region is

greater than an average atomic concentration of copper in the first region.

13. A method for treating a semiconductor layer comprising a semiconductor

material, comprising:
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13. A method for treating a semiconductor layer comprising a semiconductor material, comprising:

(a) contacting at least a portion of the semiconductor material with a passivating agent, the
semiconductor material comprising a chalcogenide; (b) introducing a dopant into the
semiconductor material; and (c) forming a chalcogen-rich region by contacting at least a portion of
the semiconductor material with a chemical agent, wherein the chemical agent comprises iodine.

14. The method of claim 1 herejn the dopant comprises copper, silver, gold, or combinations
thereof. 15. The?ariect%%%cc\{)vlfnglaﬁin !Le§8tvv ePéllrrglﬂ%le %Eegl fc)sglcﬁrlﬁgﬂﬁlé%?%rr]hni%arg]temtr?lur%-rich region.
16. A methodafsitreatingaseheisamndictdudayenaomprisingréssemichaldogtordamaterial, comprising:

(a) forming a chalc?%eirﬁ-tpé: region big c?qrtl?gt[lkrllegsg}nllec%%ﬁl é)rrtlon of }he emiconductor material with

. cie a dopa matega va . ) X
a chemical agent, wherein the chemical agent comprises iodine; an ) introducing a dopant into

the chalcogen-rich (egimnming h7chidhe pratihiotl of glennb i G;omaetiaig thdestepa(lppaorm peis@scontacting

at least a pogign. o e Semisonductar maleral Wi A c oAU HERERRIPRLERIRISg e dopant at
a concentration less than abou parts per milliorr.

1odine.

14. The method of claim 13, wherein the dopant comprises copper, silver,

gold, or combinations thereof.

15. The method of claim 13, wherein the step (c) comprises forming a

tellurium-rich region.

16. A method for treating a semiconductor layer comprising a semiconductor
material, comprising:

(a) forming a chalcogen-rich region by contacting at least a portion of the
semiconductor material with a chemical agent, wherein the chemical agent comprises
1odine; and

(b) introducing a dopant into the chalcogen-rich region.

17. The method of claim 16, wherein the step (b) comprises contacting at least
a portion of the semiconductor material with a contacting composition comprising the

dopant at a concentration less than about 10 parts per million.

18. The method of claim 16, wherein the dopant comprises copper, silver,

gold, or combinations thereof.

19. A method for treating a semiconductor layer comprising a semiconductor
material, comprising:

(a) contacting at least a portion of the semiconductor material with a chemical
agent, wherein the chemical agent comprises iodine; and

(b) contacting at least a portion of the semiconductor material with copper.
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18. The method of claim 16, wherein the dopant comprises copper, silver, gold, or combinations
thereof. 19. A method for treating a semiconductor layer comprising a semiconductor material,
comprising: (a) contacting at least a portion of the semiconductor material with a chemical agent,
wherein the chemical agent comprises iodine; and (b) contacting at least a portion of the
semiconductor material with copper. 20. A method for treating a semiconductor layer comprising a
semiconductor material, comprising: (a) contacting at least a portion of the semiconductor material
with a chemical agent, wherein the chemical agent comprises a metal halide; and (b) contacting at
least a portion of the0seMmioeticctor meatergah wethicomppertor 1ay2t .cohpmetpedsahatamiu@®rwherein the
metal halidencig{&[l)ﬂses manglagnese chloride, zinc chloride, ammonium chloride, or combinations

, COmpris
thereof.
(a) contacting at least a portion of the semiconductor material with a chemical

agent, wherein the chemical agent comprises a metal halide; and

(b) contacting at least a portion of the semiconductor material with copper.

21. The method of claim 20, wherein the metal halide comprises manganese

chloride, zinc chloride, ammonium chloride, or combinations thereof.
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