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(57) ABSTRACT

A tandem photovoltaic cell. The tandem photovoltaic cell
includes a bifacial top cell and a bottom cell. The top bifacial
cell includes a top first transparent conductive oxide materal.
A top window material underlies the top first transparent
conductive oxide material. A first interface region 1s disposed
between the top window material and the top first transparent
conductive oxide material. The first interface region 1s sub-
stantially free from one or more entities from the top first
transparent conductive oxide material diffused into the top
window material. A top absorber material comprising a cop-
per species, an indium species, and a sulfur species underlies
the top window material. A top second transparent conductive
oxide material underlies the top absorber material. A second
interface region 1s disposed between the top second transpar-
ent conductive oxide material and the top absorber matenal.
The bottom cell includes a bottom first transparent conductive
oxide material. A bottom window material underlies the first
bottom transparent conductive oxide material. A bottom
absorber material underlies the bottom window material. A
bottom electrode material underlies the bottom absorber
material. The tandem photovoltaic cell further includes a
coupling material free from a parasitic junction between the
top cell and the bottom cell.
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METHOD AND STRUCTURE FOR THIN FILM
TANDEM PHOTOVOLTAIC CELL

CROSS-REFERENCES TO RELAT
APPLICATIONS

L1

D,

[0001] This application claims priority to U.S. Provisional
Application No. 61/101,641, filed Sep. 30, 2008, commonly
assigned, and hereby incorporated by reference 1n its entirety
herein for all purpose. This application 1s related to Provi-
sional Application No. 61/101,642 (Attorney Docket Number
026335-005800US8) filed Sep. 30, 2008, commonly assigned,
and hereby incorporated by reference herein for all purpose.
This application 1s also related to PCT Application No.: PCT/
US09/46161 (Attorney Docket Number 026335-002510PC)
filed Jun. 3, 2009, commonly assigned, and hereby incorpo-
rated by reference herein for all purpose.

STATEMENT AS TO RIGHTS TO INVENTIONS
MADE UNDER FEDERALLY SPONSORED
RESEARCH AND DEVELOPMENT

[0002] NOT APPLICABL.

T

REFERENCE TO A “SEQUENCE LISTING,” A
TABLE, OR A COMPUTER PROGRAM LISTING
APP_JNDIX SUBMITTED ON A COMPACT DISK

[0003] NOT APPLICABLE
BACKGROUND OF THE INVENTION
[0004] The present invention relates generally to photovol-

taic materials and manufacturing method. More particularly,
the present ivention provides a method and structure for a
thin film tandem photovoltaic cells. Merely by way of
example, the present method and structure imnclude absorber
materials comprising copper indium disulfide species.

[0005] From the beginning of time, mankind has been chal-
lenged to find way of harnessing energy. Energy comes in the
forms such as petrochemical, hydroelectric, nuclear, wind,
biomass, solar, and more primitive forms such as wood and
coal. Over the past century, modern civilization has relied
upon petrochemical energy as an important energy source.
Petrochemical energy includes gas and oi1l. Gas includes
lighter forms such as butane and propane, commonly used to
heat homes and serve as fuel for cooking Gas also includes
gasoline, diesel, and jet fuel, commonly used for transporta-
tion purposes. Heavier forms of petrochemicals can also be
used to heat homes 1n some places. Unfortunately, the supply
of petrochemical fuel 1s limited and essentially fixed based
upon the amount available on the planet Earth. Additionally,
as more people use petroleum products 1n growing amounts,
it 1s rapidly becoming a scarce resource, which will eventu-
ally become depleted over time.

[0006] More recently, environmentally clean and renew-
able sources of energy have been desired. An example of a
clean source of energy 1s hydroelectric power. Hydroelectric
power 1s dertved from electric generators driven by the flow of
water produced by dams such as the Hoover Dam 1n Nevada.
The electric power generated 1s used to power a large portion
of the city of Los Angeles 1n California. Clean and renewable
sources of energy also include wind, waves, biomass, and the
like. That 1s, windmills convert wind energy into more useful
forms of energy such as electricity. Still other types of clean
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energy include solar energy. Specific details of solar energy
can be found throughout the present background and more
particularly below.

[0007] Solarenergy technology generally converts electro-
magnetic radiation from the sun to other useful forms of
energy. These other forms of energy include thermal energy
and electrical power. For electrical power applications, solar
cells are often used. Although solar energy 1s environmentally
clean and has been successtul to a point, many limitations
remain to be resolved before it becomes widely used through-
out the world. As an example, one type of solar cell uses
crystalline maternials, which are derived from semiconductor
material ingots. These crystalline materials can be used to
fabricate optoelectronic devices that include photovoltaic and
photodiode devices that convert electromagnetic radiation
into electrical power. However, crystalline materials are often
costly and difficult to make on a large scale. Additionally,
devices made from such crystalline materials often have low
energy conversion etficiencies. Other types of solar cells use
“thin film” technology to form a thin film of photosensitive
material to be used to convert electromagnetic radiation into
clectrical power. Similar limitations exist with the use of thin
f1lm technology 1n making solar cells. That 1s, efficiencies are
often poor. Additionally, film reliability 1s often poor and
cannot be used for extensive periods of time 1n conventional
environmental applications. Often, thin films are difficult to
mechanically integrate with each other. These and other limi-
tations of these conventional technologies can be found

throughout the present specification and more particularly
below.

[0008] From the above, 1t 1s seen that improved techniques
for manufacturing photovoltaic materials and resulting
devices are desired.

BRIEF SUMMARY OF THE INVENTION

[0009] According to embodiments of the present invention,
a method and a structure for forming a photovoltaic cell 1s
provided. More particularly, the present invention provides a
method and structure for forming thin film tandem photovol-
taic cell. Merely by way of example, embodiments according
to the present ivention have been implemented using thin
f1lm semiconductor material. But it would be recognized that
embodiments according to the present invention can have a
much broader range of applicability.

[0010] In a specific embodiment, a tandem photovoltaic
cell 1s provided. The tandem photovoltaic cell includes a top
cell. The top cell 1s a bitacial cell 1n a specific embodiment.
The top cell includes a top first transparent conductive oxide
material. A top window material underlies the top first trans-
parent conductive oxide material. In a spec1ﬁc embodiment,

the top cell includes a first interface region disposed between
the top window material and the top first transparent conduc-
tive oxide matenial. The first interface region 1s substantially
free from one or more entities from the top first transparent
conductive oxide maternal being diffused 1nto the top window
material. The top cell also includes a top absorber material
underlying the top window material. The top absorber mate-
rial comprise a copper species, an indium species, and a sulfur
species 1n a specific embodiment. The top cell includes a top
second transparent conductive oxide material underlying the
top absorber material and a second interface region disposed
between the top second transparent conductive oxide material
and the top absorber material. The second interface region 1s
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substantially free from one or more entities from the top first
transparent conductive oxide material being diffused into the
top absorber material.

[0011] The tandem photovoltaic includes a bottom cell.
The bottom cell includes a bottom first transparent conductive
oxide material. A bottom window material underlies the first
bottom transparent conductive oxide material. In a specific
embodiment, a bottom absorber material 1s provided under-
lying the bottom window material and a bottom electrode
material 1s provided underlying the bottom absorber material.
In a specific embodiment, a coupling material 1s disposed
between the top cell and the bottom cell. The coupling mate-
rial 1s free from a parasitic junction between the top cell and
the bottom cell 1 a preferred embodiment.

[0012] Inanalternative embodiment, an alternative tandem
photovoltaic cell 1s provided. The alternative tandem photo-
voltaic cell includes a top cell. The top cell 1s a bifacial cell in
a specific embodiment. The top cell includes a top first trans-
parent conductive oxide material. A top window material
underlies the top first transparent conductive oxide material.
The top cell also includes a top absorber material underlying
the top window material. The top absorber material comprise
a copper species, an indium species, and a sulfur species 1n a
specific embodiment. The top cell includes a top second
transparent conductive oxide material underlying the top
absorber matenal.

[0013] The alternative tandem photovoltaic includes a bot-
tom cell. The bottom cell includes a bottom first transparent
conductive oxide material. A bottom window material under-
lies the first bottom transparent conductive oxide material. In
a specific embodiment, a bottom absorber maternal 1s pro-
vided underlying the bottom window material and a bottom
clectrode material 1s provided underlying the bottom
absorber material. In a specific embodiment, a coupling mate-
rial 1s disposed between the top cell and the bottom cell. The
coupling material 1s free from a parasitic junction between the
top cell and the bottom cell 1n a preferred embodiment.

[0014] In a specific embodiment, a method of forming a
tandem photovoltaic cell 1s provided. The method includes
forming a bifacial top cell. The bifacial top cell 1s formed by
providing a top first transparent conductive oxide material. A
top window material 1s formed underlying the top first trans-
parent conductive oxide material. In a specific embodiment,
the method forms a first interface region between the top
window material and the top first transparent conductive
oxide material. In a specific embodiment, the first interface
region 1s substantially free diffusion of from one or more
entities from the top first transparent conductive oxide mate-
rial into the top window material. The method forms a top
absorber material underlying the top window material. The
top absorber material includes a copper species, an indium
species, and a sultur species 1n a specific embodiment. A top
second transparent conductive oxide material 1s formed
underlying the top absorber material. The method includes
forming a second interface region between the top second
transparent conductive oxide material and the top absorber
material for the bifacial top cell. The second 1nterface region
1s substantially free from one or more entities from the top
first transparent conductive oxide material diffused into the
top absorber material 1n a preferred embodiment. The method
includes forming a bottom cell. The bottom cell 1s formed by
providing a bottom first transparent conductive oxide mate-
rial and forming a bottom window material underlying the
first bottom transparent conductive oxide material. A bottom
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absorber material 1s formed underlying the bottom window
material. A bottom electrode material 1s formed underlying
the bottom absorber material to form the bottom cell. In a
specific embodiment, the method provides a coupling mate-
rial disposed between the top bifacial cell and the bottom cell.
Preferably, the coupling material provides for a junction free
from parasitic potential between the top bifacial cell and the
bottom cell.

[0015] Many benefits can be achieved by ways of the
embodiments according to the present invention. For
example, the thin film tandem photovoltaic cell can be fabri-
cated using techniques without substantial modification to the
conventional equipment. Additionally the present thin film
tandem photovoltaic cell has an improved conversion effi-
ciency compared to a conventional photovoltaic cell and pro-
vides a cost elfective way to convert sunlight into electric
energy. Depending on the embodiment, one or more of these
benelits may be achieved. These and other benefits will be
described in more detailed throughout the present specifica-
tion and particularly below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 1s a ssmplified diagram of a tandem photo-
voltaic cell according to an embodiment of the present inven-
tion.

[0017] FIGS. 2 through 9 are schematic diagrams illustrat-
ing a method and structure for forming a thin film photovol-
taic device according to an embodiment of the present inven-
tion.

[0018] FIGS. 10 through 17 are schematic diagrams 1llus-
trating a method and structure for forming a thin film photo-
voltaic device according to an embodiment of the present
invention.

[0019] FIG. 18 1s a ssmplified diagram illustrating a struc-
ture for a thin film tandem photovoltaic cell according to an
embodiment of the present invention.

[0020] FIG. 19 1s a simplified diagram illustrating an alter-
native structure for a thin film tandem photovoltaic cell
according to an embodiment of the present invention.
[0021] FIG. 20 1s a simplified diagram illustrating a test

result for a thin film tandem photovoltaic cell according to an
embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0022] According to embodiments of the present, a method
and a structure for forming a photovoltaic cell are provided.
More particularly, embodiments according to the present
invention provide a method and structure for forming a thin
film tandem photovoltaic cell. Merely by way of example,
embodiments according to the present invention have been
implemented using thin film semiconductor material. But 1t
would be recognized that embodiments according to the
present mnvention can have a much broader range of applica-
bility.

[0023] FIG. 1 1s a simplified diagram of a tandem photo-
voltaic cell according to an embodiment of the present inven-
tion. The diagram 1s merely an 1llustration and should not
unduly limit the scope of the claims herein. One of ordinary
skill 1n the art would recognize other variations, modifica-
tions, and alternatives. As an example, the tandem photovol-
taic cell can also be described 1n U.S. Provisional No. 61/092,
732, Attorney Docket number 026335-003400U8S),

commonly assigned, and hereby incorporated by reference




US 2010/0078059 Al

herein. As shown, a four terminal tandem photovoltaic cell
device 100 1s provided. The four terminal tandem photovol-
taic cell includes a lower cell 103 and an upper cell 101
operably coupled to the lower cell. The terms “lower” and
“upper” are not mtended to be limiting but should be con-
strued by plain meaning by one of ordinary skill in the art. In
general, the upper cell 1s closer to a source of electromagnetic
radiation than the lower cell, which recerves the electromag-
netic radiation after traversing through the upper cell. Of
course, there can be other variations, modifications, and alter-
natives.

[0024] In a specific embodiment, the lower cell includes a
lower glass substrate material 119, e.g., a transparent glass
material. The lower cell also includes a lower electrode layer
made of a reflective material overlying the lower glass sub-
strate material. The lower cell includes a lower absorber layer
overlying the lower electrode layer. As shown, the absorber
and electrode layer are illustrated by reference numeral 117.
In a specific embodiment, the absorber layer 1s made of a
semiconductor material having a band gap energy Eg 1n a
range of about 1.2 eV to about 2.2 €V and preferably in a
range of about 1.6 €V to about 1.9 eV, but can be others. In a
specific embodiment, the lower cell includes a lower window
layer overlying the lower absorber layer and a lower trans-
parent conductive oxide layer 115 overlying the lower win-
dow layer.

[0025] In a specific embodiment, the upper cell includes a
p+ type transparent conductor layer 109 overlying the lower
transparent conductive oxide layer. In a preferred embodi-
ment, the p+ type transparent conductor layer 1s characterized
by a sheet resistance of less than or equal to about 10 Ohms/
square centimeters and an optical transmission of 90 percent
and greater. In a specific embodiment, the upper cell has an
upper p type absorber layer overlying the p+ type transparent
conductor layer. In a preferred embodiment, the p type con-
ductor layer made of a semiconductor material has a band gap
energy Eg 1n a range of about 1.2 eV to about 2.2 ¢V and
preferably 1n a range of about 1.6 €V to about 1.9 €V, but can
be others. The upper cell also has an upper n type window
layer overlying the upper p type absorber layer. Referring
again to FIG. 1, the window and absorber layer for the upper
cell are 1llustrated by reference numeral 107. The upper cell
also has an upper transparent conductive oxide layer 1035
overlying the upper n type window layer and an upper glass
material (not shown) overlying the upper transparent conduc-
tive oxide layer. Of course, there can be other variations,
modifications, and alternatives.

[0026] In a specific embodiment, the tandem photovoltaic
cell includes four terminals. The four terminals are defined by
reference numerals 111, 113, 121, and 123. Alternatively, the
tandem photovoltaic cell can also include three terminals,
which share a common electrode preferably proximate to an
interface region between the upper cell and the lower cell. In
other embodiments, the multi junction cell can also 1include
two terminals, among others, depending upon the applica-

tion. Examples of other cell configurations are provided in
U.S. Provisional Patent Application No. 61/092,383, Attor-

ney Docket No: 026335-001600US, commonly assigned and

hereby incorporated by reference herein. Of course, there can
be other variations, modifications, and alternatives. Further
details of the four terminal cell can be found throughout the
present specification and more particularly below.

[0027] FIG. 2-17 are a schematic diagrams illustrating a
method for forming a top cell for a thin film tandem photo-
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voltaic device according to an embodiment of the present
invention. These diagrams are merely examples, which
should not unduly limit the claims herein. One skilled 1n the
art would recognize other variations, modifications, and alter-
natives. As shown 1in FIG. 2, a substrate 110 1s provided. In an
embodiment, the substrate includes a surface region 112 and
1s held 1n a process stage within a process chamber (not
shown). In another embodiment, the substrate 1s an optically
transparent solid material. For example, the substrate can be
a glass, quartz, fused silica, or a plastic, or metal, or foil, or
semiconductor, or other composite materials. Depending
upon the embodiment, the substrate can be a single material,
multiple materials, which are layered, composites, or stacked,
including combinations of these, and the like. Of course, there
can be other variations, modifications, and alternatives.

[0028] As shown in FIG. 3, the method includes forming a
first electrode layer 120 overlying the surface region of the
substrate. The first electrode layer can be formed using a
suitable metal material such as molybdenum, or tungsten, but
can be others. These other metal materials may include cop-

per, chromium, aluminum, nickel, platinum, or others. Such
metal material can be deposited using techniques such as
sputtering, evaporation (e.g., electron beam), electro plating,
combination of these and the like 1n a specific embodiment. A
thickness of the first electrode layer can range from about 100
nm to 2 micron, but can be others. First electrode layer 120 1s
preferably characterized by a resistivity of about 10 Ohm/
cm2 and less according to a specific embodiment. In a pre-
terred embodiment, the electrode layer 1s provided by molyb-
denum. In a specific embodiment, the first electrode layer
may be provided using a transparent conductive oxide (TCO)
material such as In,O,:Sn (ITO), ZnO:Al (AZO), SnO2:F

(TFO), but can be others. Of course, there can be other varia-
tions, modifications and alternatives.

[0029] Referring to FIG. 4, the method for forming the thin
film photovoltaic cell includes forming a copper layer 130
overlying the electrode layer formed. The copper layer can be
formed using a sputtering process such as a DC magnetron
sputtering process 1n a specific embodiment. The DC magne-
tron sputtering process may be provided at a deposition pres-
sure of about 6.2 mTorr, controlled by using an 1nert gas such
as argon. Such pressure can be achieved using a gas tlow rate
of about 32 sccm. The sputtering process can be perform at
about room temperature without heating the substrate. Of
course, minor heating of the substrate may be resulted due to
the plasma generated during the deposition process. Accord-
ing to certain embodiments, a DC power 1n a range from 100
Watts to 150 Watts, and preferably about 115 Watts may be
used, depending on the embodiment. A deposition time for a
Cu layer of 330 nm thickness can be about 6 minutes or more.
Of course, the deposition condition can be varied and modi-
fied according to a specific embodiment.

[0030] Depending on the embodiment, the method forms a
barrier layer 125 overlying the electrode layer to form an
interface region between the electrode layer and the copper
layer. In a specific embodiment, the interface region 1s main-
tained substantially free from a metal disulfide layer having a
semiconductor characteristic that 1s different from the copper
indium disulfide material during later processing steps.
Depending upon the embodiment, the barrier layer has suit-
able conductive characteristics and can be retlective to allow
clectromagnetic radiation to retlect back or can also be trans-
parent or the like. In a specific embodiment, the barrier layer
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1s selected from platinum, titanium, chromium, or silver. Of
course, there can be other variations, modifications, and alter-
natives.

[0031] As shown in FIG. 5, the method includes providing
an indium (In) layer 140 overlying the copper layer. In par-
ticular, the indium layer 140 1s formed overlying the copper
layer 130. The indium layer 1s deposited over the copper layer
using a sputtering process. In one example, the indium layer
1s deposited using a DC magnetron sputtering process 1s
under a similar process condition for depositing the Cu layer.
The deposition time for the indium layer may be shorter than
that for Cu layer. For example, 2 minutes and 45 seconds may
be suilicient for depositing an In layer of a thickness of about
410 nm according to a specific embodiment. Other suitable
deposition methods such as electroplating or others may also
be used depending on the embodiment.

[0032] In a specific embodiment, the copper layer and the
indium layer form a multilayer structure for the thin film
photovoltaic cell. In a specific embodiment, the copper layer
and the indium layer are provided in a certain stoichiometry
that forms a copper rich material having a copper to indium
atomic ratio ranging from about 1.2:1 to about 2.0:1. In an
alternative embodiment, the copper to indium atomic ratio
ranges from about 1.35:1 to about 1.60:1. In another embodi-
ment, the copper to indium atomic ratio 1s selected to be
1.53:1. In a preferred embodiment, the copper to indium
atomic ratio provides a copper rich film for the photovoltaic
cell. In another specific embodiment, the indium layer 1s
deposited overlying the electrode layer prior to the deposition
of the copper layer. Of course there can be other varniations,
modifications, and alternatives.

[0033] As shown in FIG. 5, the multilayered structure 150
comprising at least an mdium layer and a copper layer is
subjected to a thermal treatment process 200 1n an sulfur
species 210 bearing environment. The thermal treatment pro-
cess uses a rapid thermal process while the multilayer struc-
ture 1s subjected to the sulfur bearing species. In a specific
embodiment, the rapid thermal process uses a temperature
ramp rate ranging from about 10 Degrees Celsius/second to
about 50 Degrees Celsius/second to a final temperature rang-
ing from about 400 Degrees Celsius to about 600 Degrees
Cels1us. In a specific embodiment, the thermal treatment pro-
cess further maintains at the final temperature for a dwell time
ranging from about 1 minute to about 10 minutes, but can be
others. The thermal treatment process also includes a tem-
perature ramp down 1n an inert ambient or other suitable
environment. The inert ambient can be provided using gases
such as nitrogen, argon, helium, and others, which stops
reaction to alloy the metal material with the sulfur species.
Further details of the temperature ramp process 1s described
throughout the present specification and more particularly
below.

[0034] Ina specific embodiment, the sulfur bearing species
can be applied using a suitable technique. In an example, the
sulfur bearing species are 1n a fluid phase. As an example, the
sulfur can be provided 1n a solution, which has dissolved
Na,S, CS,, (NR,),S, thiosulfate, and others. Such fluid based
sulfur species can be applied overlying one or more surfaces
of the multilayered copper/indium structure according to a
specific embodiment. In another example, the sultfur bearing
species 210 1s provided by hydrogen sulfide gas or other like
gas. In other embodiments, the sulfur can be provided in a
solid phase, for example elemental sulfur. In a specific
embodiment, elemental sulfur can be heated and allowed to
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vaporize into a gas phase, e.g., S, . and allowed to react with
the indium/copper layers. Other sulfur bearing species may
also be used depending on the embodiment. Taking hydrogen
sulfide gas as the sulfur bearing species as an example. The
hydrogen sulfide gas can be provided using one or more entry
valves with flow rate control 1nto a process chamber. Any of
these application techmques and other combinations of tech-
niques can also be used. The process chamber may be
equipped with one or more pumps to control process pressure.
Depending on the embodiment, a layer of sulfur material may
be provided overlying the multilayer structure comprising the
copper layer and the indium layer. The layer of sulfur material
can be provided as a patterned layer 1n a specific embodiment.
In other embodiment, sulfur material may be provided 1n a
slurry, a powder, a solid, a paste, a gas, any combination of
these, or other suitable form. Of course, there can be other
variations, modifications, and alternatives.

[0035] Referring again to FIG. 6, the thermal treatment
process cause a reaction between copper indium material
within the multilayered structure and the sulfur bearing spe-
cies 210, thereby forming a layer of copper indium disulfide
thin film material 220. In one example, the copper indium
disulfide material 1s formed by incorporating sulfur 10ns and/
or atoms evaporated or decomposed from the sulfur bearing
species 1nto the multilayered structure with indium atoms and
copper atoms mutually diffused therein. In a specific embodi-
ment, the thermal treatment process results 1n a formation of
a cap layer overlying the copper indium disulfide matenal.
The cap layer comprises a thickness of substantially copper
sulfide material 221 substantially free of indium atoms. The
copper sulfide material 221 includes a surface region 225. In
a specific embodiment, the formation of the copper sulfide
cap layer 1s under a Cu-rich conditions for the Cu—1In bearing
multilayered structure 150. Depending on the embodiment,
the thickness of the copper sulfide material 1s 1n an order of
about five to ten nanometers and greater depending on the
multilayered structure. In a specific embodiment, thermal
treatment process allows the first electrode layer using a TCO
material to maintain at a sheet resistance of less than or equal
to about 10 Ohms per square centimeters and an optical
transmission of 90 percent and greater after the copper
indium disulfide thin film material 1s formed. Of course, there
can be other variations, modifications, and alternatives.

[0036] As shown in FIG. 7, copper sulfide material 221 1s
subjected to a dip process 300. The copper sulfide material
overlies copper indium disulfide thin film 220. The dip pro-
cess 1s performed by exposing the surface region of the cop-
per sulfide matenal to about a solution comprising a 10% by
weight of potassium cyanide 310 according to a specific
embodiment. Potassium cyanide solution provides an etching
process to selectively remove copper sulfide material 221
from the copper indium disulfide material surface exposing a
surface region 228 of underlying copper mndium disulfide
material according to a specific embodiment. In a preferred
embodiment, the etch process has a selectivity of about 1:100
or more between copper sulfide and copper indium disulfide.
Other etching species can be used depending on the embodi-
ment. In a specific embodiment, the etching species can be
hydrogen peroxide. In other embodiments, other etching
techniques 1ncluding electro-chemaical etching, plasma etch-
ing, sputter-etching, or any combination of these may be used.
In a specific embodiment, the copper sulfide material can be
mechanically removed, chemically removed, electrically
removed, or any combination of these, and others. In a spe-
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cific embodiment, the absorber layer made of copper indium
disulfide can have a thickness ranging from about one micron
to about 10 microns, but can be others. Of course, there can be
other variations, modifications, and alternatives.

[0037] In aspecific embodiment, the copper indium disul-
fide film has a p type impurity characteristics. In certain
embodiments, the copper indium disulfide material 1s further
subjected to a doping process to adjust a p-type impurity
density therein to optimize an I-V characteristic of the high
eificiency thin film photovoltaic devices. For example, the
copper indium disulfide material may be doped using an
aluminum species. In another example, the copper indium
disulfide material can be mtermixed with a copper indium
aluminum disulfide material to form the absorber layer. Of

course, there can be other variations, modifications, and alter-
natives.

[0038] Referring again to FIG. 8, the method includes
forming a window layer 310 overlying the copper indium
disulfide material, which has a p-type impurity characteris-
tics. The window layer can be selected from a group of mate-
rials consisting of a cadmium sulfide (CdS), a zinc sulfide
(ZnS), zinc selenium (ZnSe), zinc oxide (ZnO), zinc magne-
sium oxide (ZnMgQ), or others. These material may be doped
with a suitable impurities to provide for a n+ type impurity
characteristic. The window layer and the absorber layer forms
an interface region for a PN junction associated with a pho-
tovoltaic cell. The window layer 1s heavily doped to form a
n+-type semiconductor layer. In one example, indium species
are used as the doping material for a CdS window layer to
cause formation of the n+-type characteristic associated with
the window layer. In certain embodiments, ZnO may be used
as the window layer. ZnO can be doped with an aluminum
species to provide for the n+ mmpurity characteristics.
Depending on the material used, the window layer can range
from about 200 nanometers to about 500 nanometers. Of
course, there can be other variations, modifications, and alter-
native.

[0039] As shown in FIG. 9, a conductive layer 330 1s form
overlying a portion of a surface region of the window layer.
Conductor layer 330 provides a top electrode layer for the thin
film photovoltaic cell. In one embodiment, conductive layer
330 1s a transparent conductive oxide (1TCO). For example,
the transparent conductive oxide can be selected from a group
consisting ol In,O;:Sn (ITO), ZnO:Al (AZO), SnO2:F
(TFO), but can be others. In a specific embodiment, the TCO
layer 1s patterned to maximize the efficiency of the thin film
photovoltaic devices. In certain embodiments, the TCO layer
can also function as a window layer, which eliminates the
need of a separate window layer. Of course there can be other
variations, modifications, and alternatives.

[0040] FIG. 10 through 17 are simplified diagrams 1llus-
trating a method to form a photovoltaic cell 1n a superstrate
configuration for the thin film tandem photovoltaic cell
according to an alternative embodiment of the present mnven-
tion. These diagrams are merely examples and should not
unduly limit the scope of the claims herein. One skilled 1n the
art would recognize other variations, modifications, and alter-
natives. As shown in FIG. 10, a substrate 1010 1s provided. In
an embodiment, the substrate includes a surface region 1012
and 1s held 1n a process stage within a process chamber (not
shown). In a specific embodiment, the transparent substrate 1s
an optically transparent solid material. For example, the opti-
cally transparent solid material can be glass, quartz, fused
silica, or a polymer material. Other material such as metal, or
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fo1l, or semiconductor, or other composite materials may also
be used 1n other embodiments. Depending upon the embodi-
ment, the substrate can be a single material, multiple materi-
als, which are layered, composites, or stacked, including
combinations of these, and the like. Of course there can be
other variations, modifications, and alternatives.

[0041] As shown in FIG. 11, the method includes forming
a first electrode layer 1102 including a electrode surface
region overlying the surface region of the substrate. The first
clectrode layer 1s preferably made of a transparent conductive
oxide, commonly called TCO. For example, the transparent
conductive oxide can be selected from a group consisting of
In,O;:Sn (ITO), ZnO: Al (AZO), SnO2:F (TFO), but can be
others. In a specific embodiment, the TCO layer 1s patterned
to maximize the efficiency of the thin film photovoltaic
devices. A thickness of the electrode layer can range from
about 100 nm to 2 micron, but can be others. Electrode layer
120 1s preferably characterized by a resistivity of less than
about 10 Ohm/cm® according to a specific embodiment. Of
course there can be other variations, modifications, and alter-
natives.

[0042] In a specific embodiment, the method includes
forming a window layer 1202 overlying the first electrode
layer as shown 1n FIG. 12. The window layer can be selected
from a group of materials consisting of a cadmium sulfide
(CdS), a zinc sulfide (ZnS), zinc selenium (ZnSe), zinc oxide
(Zn0), zinc magnesium oxide (ZnMgQO), or others. These
material may be doped with a suitable impurities to provide
for a n+ type impurity characteristic. In one example, indium
species are used as the doping material for a CdS window
layer to cause formation of the n+-type characteristic associ-
ated with the window layer. In certain embodiments, ZnO
may be used as the window layer. ZnO can be doped with an
aluminum species to provide for the n+ impurity characteris-
tics. Depending on the material used, the window layer can
range from about 200 nanometers to about 500 nanometers.
Of course, there can be other variations, modifications, and
alternative.

[0043] Referring to FIG. 13, the method includes providing
a copper layer 1302 overlying the window layer. The copper
layer can be formed using a sputtering process such as a DC
magnetron sputtering process in a specific embodiment. The
DC magnetron sputtering process may be provided at a depo-
sition pressure of about 6.2 mTorr, controlled by using an
inert gas such as argon. Such pressure can be achieved using
a gas tlow rate of about 32 sccm. The sputtering process can
be perform at about room temperature without heating the
substrate. Of course, minor heating of the substrate may be
resulted due to the plasma generated during the deposition
process. According to certain embodiments, a DC power 1n a
range from 100 Watts to 150 Watts, and preterably about 115
Watts may be used, depending on the embodiment. As merely
an example, a deposition time for a Cu layer of 330 nm
thickness can be about 6 minutes or more. Of course, the
deposition condition can be varied and modified according to
a specific embodiment.

[0044] Asshownin FIG. 14, the method includes providing
an mdium (In) layer 1402 overlying the copper layer. The
indium layer 1s deposited over the copper layer using a sput-
tering process 1n a speciiic embodiment. In one example, the
indium layer 1s deposited using a DC magnetron sputtering
process 1s under a similar process condition for depositing the
Cu layer. The deposition time for the indium layer may be
shorter than that for Cu layer. For example, 2 minutes and 45
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seconds may be sufficient for depositing an In layer of a
thickness of about 410 nm according to a specific embodi-
ment. Other suitable deposition methods such as electroplat-
ing or others may also be used depending on the embodiment.

[0045] In a specific embodiment, the copper layer and the
indium layer form a multilayer structure 1404 for the thin film
photovoltaic cell. In a specific embodiment, the copper layer
and the indium layer are provided in a certain stoichiometry
that forms a copper rich material. In a specific embodiment,
the copper rich material can have a copper to indium atomic
rat1o ranging from about 1.2:1 to about 2.0:1. In an alternative
embodiment, the copper to indium atomic ratio ranges from
about 1.35:1 to about 1.60:1. In another embodiment, the
copper to indium atomic ratio 1s selected to be 1.55:1. In a
preferred embodiment, the copper to mdium atomic ratio
provides a copper rich film for the photovoltaic cell. In
another specific embodiment, the indium layer 1s deposited
overlying the electrode layer prior to the deposition of the
copper layer. Of course there can be other variations, modi-
fications, and alternatives.

[0046] As shown in FIG. 15, the multilayered structure
comprising at least an mndium layer and a copper layer is
subjected to a thermal treatment process 1502 in an sulfur
species 1504 bearing environment. The thermal treatment
process uses a rapid thermal process while the multilayer
structure 1s subjected to the sulfur bearing species. In a spe-
cific embodiment, the rapid thermal process uses a tempera-
ture ramp rate ranging from about 10 Degrees Celsius/second
to about 50 Degrees Celsius/second to a final temperature
ranging irom about 400 Degrees Celsius to about 600
Degrees Celsius. In a specific embodiment, the thermal treat-
ment process further maintains at the final temperature for a
dwell time ranging from about 1 minute to about 10 minutes,
but can be others. The thermal treatment process also include
a temperature ramp down 1n an 1nert ambient or other suitable
environment that can stop the reaction of formation of the
alloy material 1 a specific embodiment. The mert ambient
can be provided using gases such as nitrogen, argon, helium,
and others. Further details of the temperature ramp process 1s
described throughout the present specification and more par-
ticularly below.

[0047] Ina specific embodiment, the sulfur bearing species
can be applied using a suitable technique. In an example, the
sulfur bearing species are in a fluid phase. As an example, the
sulfur can be provided 1n a solution, which has dissolved
Na,S, CS,, (NR,),S, thiosulfate, and others. Such fluid based
sulfur species can be applied overlying one or more surfaces
of the multilayered copper/indium structure according to a
specific embodiment. In another example, the sultfur bearing
species 210 1s provided by hydrogen sulfide gas or other like
gas. In other embodiments, the sulfur can be provided 1n a
solid phase, for example elemental sulfur. In a specific
embodiment, elemental sulfur can be heated and allowed to
vaporize 1nto a gas phase, e.g., S . and allowed to react with
the indium/copper layers. Other sulfur bearing species may
also be used depending on the embodiment. Taking hydrogen
sulfide gas as the sulfur bearing species as an example. The
hydrogen sulfide gas can be provided using one or more entry
valves with flow rate control 1nto a process chamber. Any of
these application techmques and other combinations of tech-
niques can also be used. The process chamber may be
equipped with one or more pumps to control process pressure.
Depending on the embodiment, a layer of sulfur material may
be provided overlying the multilayer structure comprising the
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copper layer and the indium layer. The layer of sulfur material
can be provided as a patterned layer 1n a specific embodiment.
In other embodiment, sulfur material may be provided 1n a
slurry, a powder, a solid, a paste, a gas, any combination of
these, or other suitable form. Of course, there can be other
variations, modifications, and alternatives.

[0048] In a specific embodiment, the thermal treatment
process maintains the absorber layer substantially free from
species that may diffuse from the window layer and/or the
transparent conductive oxide layer. The method also elimi-
nates using a thick window layer to protect the transparent
conductive oxide layer from diffusion of species from the
absorber layer. The method provides a photovoltaic cell that
can have a conversion elficiency greater than about 8 percent
or greater than 10 percent, and others. Of course, there can be
other variations, modifications, and alternatives.

[0049] Referring again to FIG. 15, the thermal treatment
process causes a reaction between copper and mdium mate-
rials within the multilayered structure and the sulfur bearing
species, thereby forming a layer of copper indium disulfide
thin film material 1506. In one example, the copper indium
disulfide thin film material 1s formed by incorporating sulfur
ions and/or atoms evaporated or decomposed from the sulfur
bearing species into the multilayered structure with indium
atoms and copper atoms mutually diffused therein. In a spe-
cific embodiment, the thermal treatment process results 1n a
formation of a cap layer overlying the copper indium disulfide
material. The cap layer comprises a thickness of substantially
copper sulfide material 1508 substantially free of indium
atoms. The copper sulfide material includes a surface region
1510. In a specific embodiment, the formation of the copper
sulfide cap layer 1s under a Cu-rich conditions for the Cu—In
bearing multilayered structure. Depending on the embodi-
ment, the thickness of the copper sulfide material 1s 1n an
order of about five to ten nanometers and greater depending
on the multilayered structure. In a specific embodiment, the
thermal treatment process allows the first electrode layer to
maintain at a sheet resistance of less than or equal to about 10
Ohms per square centimeters and an optical transmission of
90 percent and greater after the copper indium disulfide thin
film material 1s formed. Of course, there can be other varia-
tions, modifications, and alternatives.

[0050] As shown in FIG. 16, the copper sulfide material 1s
subjected to a dip process 1602. The dip process 1s performed
by exposing the surface region of the copper sulfide material
to a solution 1604 comprising potassium cyanide as an etch-
ing species at a concentration of about a 10% by weight
according to a specific embodiment. Potassium cyamde solu-
tion provides an etching process to selectively remove copper
sulfide material from the copper indium disulfide material
surface exposing a surface region 1606 of underlying copper
indium disulfide matenial according to a specific embodi-
ment. In a preferred embodiment, the etching process has a
selectivity of about 1:100 or more between copper sulfide and
copper indium disulfide. Other etching species can be used
depending on the embodiment. In a specific embodiment, the
ctching species can be hydrogen peroxide. In other embodi-
ments, other etching techniques including electro-chemical
etching, plasma etching, sputter-etching, or any combination
of these may be used. In a specific embodiment, the copper
sulfide material can be mechanically removed, chemically
removed, electrically removed, or any combination of these,
and others In a specific embodiment, the absorber layer made
of copper indium disulfide can have a thickness ranging from
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about one micron to about 10 microns, but can be others. Of
course, there can be other variations, modifications, and alter-
natives.

[0051] In a specific embodiment, the copper indium disul-
fide film has a p type impurity characteristics and provide for
an absorber layer for the thin film photovoltaic cell. In certain
embodiments, the copper indium disulfide material 1s further
subjected to a doping process to adjust a p-type impurity
density therein to optimize an I-V characteristic of the high
eificiency thin film photovoltaic devices. For example, the
copper indium disulfide material may be doped using an
aluminum species. In another example, the copper indium
disulfide material can be mtermixed with a copper indium
aluminum disulfide material to form the absorber layer. The
window layer and the absorber layer forms an interface region
for a PN-junction associated with a photovoltaic cell. Of
course, there can be other variations, modifications, and alter-
natives

[0052] As shown 1n FIG. 17, the method forms a second
clectrode layer 1702 overlying the absorber layer. The second
clectrode layer can be a transparent conductive oxide (1TCO)
in a specific embodiment. For example, the transparent con-
ductive oxide can be selected from a group consisting of
In,O;:Sn (ITO), ZnO:Al (AZO), SnO2:F (TFO), but can be
others. In certain embodiments, the second electrode layer
may be provided using a metal material such as tungsten,
gold, silver, copper or others. In other embodiments, the
second electrode layer can be reflective to retlect electromag-
netic radiation back to the photovoltaic cell and improves the
conversion efficiency of the photovoltaic cell. Of course there
can be other variations, modifications, and alternatives.

[0053] Ina specific embodiment, the method includes cou-
pling the top cell and the bottom cell to form the thin film
tandem cell as 1llustrated 1n FIG. 1. In a specific embodiment,
the top cell and the bottom cell may be coupled using a
suitable optical transparent material such as ethyl vinyl
acetate but can be others depending on the application. Of
course, there can be other variations, modifications, and alter-
natives. In a specific embodiment, other substrate configura-
tions are described below.

[0054] FIGS. 18 and 19 are simplified diagrams 1llustrating
structures of a tandem photovoltaic cell according to embodi-
ments of the present invention. As shown 1 FIG. 18, a struc-
ture for a tandem photovoltaic cell 1s provided includes a top
cell 1802 and a bottom cell 1804. The top cell can be a bifacial
cell 1n a specific embodiment. The top cell includes a top first
transparent conductive oxide material 1806. The top first
transparent conductive oxide (TCO) material can include
materials such as indium tin oxide (ITO), aluminum doped
zinc oxide (ZnO:Al), Fluorine doped tin oxide (SnO,:F), or
others. The top cell includes a top window material 1802
underlying the first transparent conductive oxide matenal. In
a specific embodiment, the top window material uses an n
type semiconductor thin film material such as cadmium sul-
fide (CdS), zinc sulfide (ZnS), zinc selentum (ZnSe), zinc
oxide (ZnO), or zinc magnestum oxide (ZnMgQO), but can be
others. The n type semiconductor material 1s preferably
heavily doped to have a n+ type impurity characteristic. Of
course there can be other variations, modifications, and alter-
natives.

[0055] Referring again to FI1G. 18, the top cell includes a
first interface region 1810 disposed between the top first
transparent conductive oxide and the top window material.
The first interface region 1s maintained substantially free from
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one or more entities from a diffusion of the top first transpar-
ent conductive oxide material into the top window matenal.
Depending upon the embodiment, the barrier layer has suit-
able conductive characteristics and can be optically transpar-
ent. Of course, there can be other variations, modifications,
and alternatives.

[0056] The top cell includes a top absorber material 1812
underlying the top window layer. The top absorber material
has a p type impurity characteristic 1n a preferred embodi-
ment. In a specific embodiment, the top absorber material
comprises at least a top absorber material underlying the top
window material, the top absorber matenial comprising a
copper species, an indium species, and a sulfur species 1n a
specific embodiment. In certamn embodiment, the top
absorber material can include a copper indium disulfide thin
film material, copper indium aluminum disulfide thin film
material, a copper indium gallium disulfide material, or a
(Ag,Cu)(In,Ga)S, material, but can also be others, depending
on the application. Of course, there can be other vanations,
modifications, and alternatives.

[0057] As shown in FIG. 18, the top cell includes a top

second transparent conductive oxide material 1814 underly-
ing the top absorber material. The second top second trans-
parent conductive oxide material can include materials such
as indium tin oxide (ITO), aluminum doped zinc oxide (ZnO:
Al), Fluorine doped tin oxide (SnO,:F), or others, depending
on the embodiment.

[0058] In a specific embodiment, the top cell includes a
second 1nterface region 1816 dispose between the top second
transparent conductive oxide and the top absorber material.
The second interface region 1s maintained substantially free
from one or more entities from a diffusion of the top second
TCO matenial into the top absorber material. Depending upon
the embodiment, the barrier layer has suitable conductive

characteristics and can be optically transparent. Of course,
there can be other variations, modifications, and alternatives.

[0059] Referring to again to FIG. 18. Bottom cell 1804
includes a bottom first transparent conductive oxide material
1818. The bottom first transparent conductive oxide (TCO)
material can include materials such as indium tin oxide (ITO),
aluminum doped zinc oxide (ZnO:Al), Fluorine doped tin
oxide (SnO,:F), or others. The bottom cell includes a bottom
window material 1820 underlying the bottom first transparent
conductive oxide material. In a specific embodiment, the
bottom window material uses an n type semiconductor thin
film material such as cadmium sulfide (CdS), zinc sulfide
(ZnS), zinc selentum (ZnSe), zinc oxide (ZnO), or zinc mag-
nesium oxide (ZnMgQ), but can be others. The n type semi-
conductor material 1s preferably heavily doped to have a n+
type impurity characteristic. Of course there can be other
variations, modifications, and alternatives.

[0060] The bottom cell includes a bottom absorber material
1822 underlying the window layer. The bottom absorber
material has a p type impurity characteristic 1n a preferred
embodiment. In a specific embodiment, the bottom absorber
material comprises at least a copper species, an mdium spe-
cies, and a sulfur species 1n a specific embodiment. In certain
embodiment, the bottom absorber material can include a cop-
per indium disulfide thin film material, copper indium alumai-
num disulfide thin film material, or a copper indium gallium
disulfide material, but can also be others, depending on the
application. In other embodiments, the bottom absorber
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material can be Cu,SnS;; Cu(In,Ga)Se,; CulnSe,; or FeSi,.
Of course, there can be other variations, modifications, and
alternatives.

[0061] As shown in FIG. 18, the bottom cell includes a
bottom electrode material 1824 underlying the bottom
absorber material. The bottom electrode material can include
a transparent conductive oxide material such as indium tin
oxide (ITO), aluminum doped zinc oxide (ZnO: Al), Fluorine
doped tin oxide (SnO,:F), and the like. The bottom electrode
material may also include a metal material such as copper,
nickel, gold, tungsten and others, depending on the embodi-
ment. In a specific embodiment the bottom electrode material
1s provided using a molybdenum material. Of course, there
can be other variations, modifications, and alternatives.
[0062] In a specific embodiment, the tandem thin film pho-
tovoltaic cell includes a coupling material 1826 provided
between the top cell and the bottom cell. The coupling mate-
rial 1s preferably an optically transparent material and free
from a parasitic junction between the top cell and the bottom
cell in a specific embodiment. In a specific embodiment, the
optically transparent material can include material such as
cthyl vinyl acetate and the like. Of course, there can be other
variations, modifications, and alternatives.

[0063] Depending on the embodiment, the first interface
region and the second interface region for the top cell can be
optional. That 1s, the top cell 1s configured to have the top
window material to underlie the top first transparent conduc-
tive oxide and the top second transparent conductive oxide to
underlie the top absorber material as shown 1 FIG. 19. Of
course there can be other variations, modifications, and alter-
natives.

[0064] FIG. 20 1s an exemplary solar cell I-V characteris-
tics plot measured from a copper indium disulfide based thin
film photovoltaic cell according to an embodiment of the
present invention. The diagram 1s merely an example, which
should not unduly limit the claims herein. One skilled 1n the
art would recognize other variations, modifications, and alter-
natives. As shown 1n FIG. 20, a current density of a high
eiliciency copper indium disulfide thin film photovoltaic cell
made according to an embodiment of the present invention 1s
plotted against a bias voltage. Further details of the thin film
photovoltaic cell and the experimental results are described in

PCT Application No.: PCT/US09/46161 (Attorney Docket
Number 026335-002510PC) filed Jun. 3, 2009, commonly
assigned, and hereby incorporate by reference. The curve
intersects the y-axis with a short circuit current value at about
0.0235 A/cm? and intersects a zero current line with a bias at
about 0.69 V. The corresponding photovoltaic cell has an
absorber layer made from copper indium disulfide thin film
according to an embodiment of the present invention. In
particular, the absorber layer 1s about 1.5 um in thickness and
an atomic ratio of Cu:ln at about 1.5:1. Based on standard
formula, a cell conversion efliciency m can be estimated:

_Jsc-Voc - FF
1= "p (AM1.5)

where J .~ 1s the short circuit current density of the cell, V-
1s the open circuit bias voltage applied, FF 1s the so-called fill
factor defined as the ratio of the maximum power point
divided by the open circuit voltage (Voc) and the short circuit
current (J ). The input light irradiance (P,,, in W/m*) under
standard test conditions [1.e., STC that specifies a temperature
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01 25° C. and an 1rradiance of 1000 W/m2 with an airmass 1.5
(AM1.5) spectrum.] and the surface area of the solar cell (in
m*~). Thus, a 10.4% efficiency can be accurately estimated for
this particular cell made from a method according to embodi-
ments of the present mnvention. In a specific embodiment, the
bandgap 1s about 1.45 eV to 1.5 eV. Of course, there can be
other variations, modifications, and alternatives.

[0065] Although the above has been 1llustrated according
to specific embodiments, there can be other modifications,
alternatives, and variations. For example, the method can be
used to fabricate a photovoltaic cell that has an absorber layer
that forms using a high temperature process. Although the
above has been described 1n terms of a specific absorber
matenal, other absorber materials such as Cu(InAl)S, Cu(In-
Ga)S,, Cu,SnS, Cu,ZnSnS,, SnS, any combinations of these,
and others can be used. It 1s understood that the examples and
embodiments described herein are for illustrative purposes
only and that various modifications or changes 1n light thereof
will be suggested to persons skilled in the art and are to be
included within the spirit and purview of this application and
scope of the appended claims.

What 1s claimed 1s:
1. A tandem photovoltaic cell comprising;:
a bifacial top cell comprising:

a top first transparent conductive oxide material;

a top window material underlying the top first transpar-
ent conductive oxide matenal;

a first interface region between the top window material
and the top first transparent conductive oxide mate-
rial, the first interface region being substantially free
from one or more entities from the top first transparent
conductive oxide material being diffused into the top
window material;

a top absorber material underlying the top window mate-
rial, the top absorber material comprising a copper
species, an indium species, and a sulfur species;

a top second transparent conductive oxide material
underlying the top absorber material;

a second interface region between the top second trans-
parent conductive oxide material and the top absorber
material, the second interface region being substan-
tially free from one or more entities from the top first
transparent conductive oxide material being dittused
into the top absorber material; and

a bottom cell comprising:
a bottom {irst transparent conductive oxide matenal;

a bottom window material underlying the first bottom
transparent conductive oxide material;

a bottom absorber material underlying the bottom win-
dow material; and

a bottom electrode material underlying the bottom
absorber material;

a coupling material between the top cell and the bottom
cell, the coupling material being free from a parasitic
junction between the top cell and the bottom cell.

2. The photovoltaic cell of claim 1 wherein the first trans-
parent conductive oxide matenal 1s selected from a group

consisting of: indium tin oxide (ITO), aluminum doped zinc
oxide (ZnO:Al), or Fluorine doped tin oxide (SnO,:F).

3. The photovoltaic cell of claim 1 wherein the top window
material 1s selected from: cadmium sulfide (CdS), zinc sulfide
(ZnS), zinc selenium (ZnSe), zinc oxide (ZnQO), or Zinc mag-
nesium oxide (ZnMgQO).
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4. The photovoltaic cell of claim 1 wherein the top absorber
material 1s selected from: copper indium disulfide (CIS),
copper mdium aluminum disulfide, copper indium gallium
disulfide (CIGS), or (Ag,Cu)(In,Ga)S2.

5. The photovoltaic cell of claim 1 wherein the top second
transparent conductive oxide 1s selected from: cadmium sul-
fide (CdS), zinc sulfide (ZnS), zinc selentum (ZnSe), zinc
oxide (ZnQ), or zinc magnesium oxide (ZnMgO)

6. The photovoltaic cell of claim 1 wherein the bottom first
transparent conductive oxide 1s selected from: cadmium sul-
fide (CdS), zinc sulfide (ZnS), zinc selentum (ZnSe), zinc
oxide (ZnQO), or zinc magnesium oxide (ZnMgQO)

7. The photovoltaic cell of claim 1 wherein the bottom
window material 1s selected from: cadmium sulfide (CdS),
zinc sulfide (ZnS), zinc selenium (ZnSe), zinc oxide (ZnO),
or zinc magnesium oxide (ZnMgQO).

8. The photovoltaic cell of claim 1 wherein the bottom
clectrode matenal 1s selected from a transparent conductive
oxide material or a metal material.

9. The photovoltaic cell of claim 1 wherein the bottom
absorber material 1s selected from: a copper indium disulfide
thin film material, copper indium aluminum disulfide thin
f1lm matenial, or a copper indium gallium disulfide material.

10. The photovoltaic cell of claim 1 wherein the bottom
absorber material 1s selected from: Cu,SnS,; Cu(In,Ga)Se,;
CulnSe,; or FeSi,.

11. A tandem photovoltaic cell comprising:

a bifacial top cell comprising:

a top first TCO matenal;

a top window material underlying the top first TCO
material;

a top absorber material underlying the top window mate-
rial, the top absorber material comprising a copper
species, an indium species, and a sulfur species;

a top second TCO material underlying the top absorber
material; and

a bottom cell comprising;:

a bottom first TCO material;

a bottom window material underlying the first bottom
TCO material;

a bottom absorber material underlying the bottom win-
dow material; and

a bottom electrode material underlying the bottom
absorber material;

a coupling material between the top cell and the bottom
cell, the coupling material being free from a parasitic
junction between the top cell and the bottom cell.

12. The photovoltaic cell of claim 11 wherein the first

transparent conductive oxide material 1s selected from a
group consisting of: indium tin oxide (ITO), aluminum doped
zinc oxide (ZnO:Al), or Fluorine doped tin oxide (SnO,:F).

13. The photovoltaic cell of claim 11 wherein the top
window material 1s selected from: cadmium sulfide (CdS),
zinc sulfide (ZnS), zinc selenium (ZnSe), zinc oxide (ZnO),
or zinc magnesium oxide (ZnMgQO).

14. The photovoltaic cell of claim 11 wherein the top
absorber material 1s selected from: copper indium disulfide

(CIS), copper indium aluminum disulfide, copper indium
gallium disulfide (CIGS), or (Ag,Cu)(In,Ga)S2.
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15. The photovoltaic cell of claim 11 wherein the top
second transparent conductive oxide 1s selected from: cad-
mium sulfide (CdS), zinc sulfide (ZnS), zinc selentum
(ZnSe), zinc oxide (ZnO), or zinc magnesium oxide (Zn-
MgQO)

16. The photovoltaic cell of claim 11 wherein the bottom
first transparent conductive oxide 1s selected from: cadmium

sulfide (CdS), zinc sulfide (ZnS), zinc selenium (ZnSe), zinc
oxide (ZnO), or zinc magnesium oxide (ZnMgO)

17. The photovoltaic cell of claim 11 wherein the bottom
window material 1s selected from: cadmium sulfide (CdS),
zinc sulfide (ZnS), zinc selenium (ZnSe), zinc oxide (Zn0O),
or zinc magnesium oxide (ZnMgO).

18. The photovoltaic cell of claim 11 wherein the bottom
absorber material 1s selected from: a copper indium disulfide
thin film material, copper indium aluminum disulfide thin
film material, or a copper indium gallium disulfide materal.

19. The photovoltaic cell of claim 11 wherein the bottom
absorber material 1s selected trom: Cu,SnS,;; Cu(In,Ga)Se,;
CulnSe,; or FeSi,.

20. A method for fabricating a tandem photovoltaic cell,
comprising:

forming a bifacial top cell, comprising;:

providing a top first transparent conductive oxide mate-
rial;

forming a top window material underlying the top first
transparent conductive oxide material;

forming a first interface region between the top window
material and the top first transparent conductive oxide
material, the first interface region being substantially
free from one or more entities from the top first trans-
parent conductive oxide material being diffused into
the top window material;

forming a top absorber material underlying the top win-
dow material, the top absorber material comprising a
copper species, an indium species, and a sulfur spe-
CIes;

forming a top second transparent conductive oxide
material underlying the top absorber material;

forming a second interface region between the top sec-
ond transparent conductive oxide material and the top
absorber material, the second interface region being
substantially free from one or more entities from the
top first transparent conductive oxide material being
diffused into the top absorber material; and

forming a bottom cell, comprising:

forming a bottom first transparent conductive oxide
material;

forming a bottom window material underlying the first
bottom transparent conductive oxide material;

forming a bottom absorber material underlying the bot-
tom window material; and

forming a bottom electrode material underlying the bot-
tom absorber material;

providing a coupling material disposed between the bifa-

cial top cell and the bottom cell, the coupling material
being free from a parasitic junction between the bifacial
top cell and the bottom cell.
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