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FIG. 1

(57) Abstract: A photovoltaic device is disclosed, the device having a zinc-containing layer, such as a ZnO1.,S, layer, as a window
layer, as part of a composite window layer, and/or as a buffer layer. Use of the ZnO 1..Sx layer improves an overall efficiency of the
photovoltaic device due to improved optical transmission thereof as compared to CdS window layers, and due to a improved
quantum efficiency of the photovoltaic device in the blue light spectrum due to the presence of the ZnO.,S, layer.
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METHOD OF MANUFACTURING
A PHOTOVOLTAIC DEVICE

CROSS-REFERENCE TO RELATED APPLICATION
[0001] This application claims the benefit of priority of United States Provisional
Patent Application Serial No. 61/789,281 filed on March 15, 2013 hereby

incorporated herein by reference in its entirety.

FIELD OF THE INVENTION
[0002] The present disclosure relates to a photovoltaic device, and more
particularly to a photovoltaic device having an improved efficiency and methods

of forming the same.

BACKGROUND OF THE INVENTION

[0003] Photovoltaic modules, devices, or cells, can include multiple layers (or
coatings) created on a substrate (or superstrate). For example, a photovoltaic
device can include a barrier layer, a transparent conductive oxide layer, a buffer
layer, and a semiconductor layer formed in a stack on a substrate. Each layer
may in turn include more than one layer or film. For example, a semiconductor
window layer and a semiconductor absorber layer together can be considered a
semiconductor layer. Additionally, each layer can cover all or a portion of the
device and/or all or a portion of a layer or a substrate underlying the layer. For
example, a “layer” can include any amount of any material that contacts all or a
portion of a surface. Cadmium telluride has been used for the semiconductor
layer because of its optimal band structure and a low cost of manufacturing.

[0004] The window layer is typically the top layer in a single-junction photovoltaic
cell of a photovoltaic device formed from a high band gap material to aliow
transmittance of sunlight to underlying layers of the device. Annealing processes
involving CdClz known in the art may affect a thickness and/or performance of
window layers formed from CdS. Thus, the annealing process must be tailored to

minimize prolonged exposure of the CdS window layer to CdCl2 and/or the
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elevated temperatures of the annealing process. Furthermore, a photovoltaic
device having a window layer formed from a material with a band gap greater
than that of CdS would result in a more efficient photovoltaic device. Accordingly,

it would be desirable to develop a more efficient photovoltaic device.

SUMMARY OF THE INVENTION

[0005] Concordant and congruous with the instant disclosure, a more efficient
photovoltaic device has surprisingly been discovered.

[0006] In an embodiment of the invention, A photovoltaic device comprises a
substrate; a zinc-containing layer disposed on the substrate; and a CdTe
semiconductor layer disposed adjacent to the zinc-containing layer.

[0007] In another embodiment of the invention, a photovoltaic device comprises a
substrate; a ZnO1xSx layer disposed on the substrate; and a CdTe layer
disposed adjacent to the ZnO1xSx layer.

[0008] In ancther embodiment of the invention, a method of forming a
photovoltaic device comprises the steps of applying a ZnO1«Sx layer on a
substrate; and applying a semiconductor layer on the ZnO1xSx layer, wherein the

ZnO1xSx layer is one of a window layer and a buffer layer.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The above, as well as other advantages of the present invention, will
become readily apparent to those skilled in the art from the following detailed
description of a preferred embodiment when considered in the light of the
accompanying drawings in which:

[0010] Fig. 1 is a schematic, side view of a photovoltaic device having a zinc-
containing layer disposed between a CdTe layer and a TCO layer according to
another embodiment of the invention;

[0011] Fig. 2 is a schematic, side view of a photovoltaic device having a zinc-
containing layer disposed between a CdS layer and a TCO layer according to an
embodiment of the invention,;
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[0012] Fig. 3 is a schematic, side view of a photovoltaic device having a zinc-
containing layer disposed between a CdTe layer and a CdS layer according to
another embodiment of the invention;

[0013] Fig. 4 is a graph of quantum efficiency versus light wavelength for a ZnO1-
xox /CdTe bi-layer and a CdS/CdTe bi-layer; and

[0014] Fig. 5 is a graph of band gap versus composition of a ZnO1xSx layer as a
function of sulfur content.

DETAILED DESCRIPTION OF THE INVENTION

[0015] The following description is merely exemplary in nature and is not
intended to limit the present disclosure, application, or uses. It should also be
understood that throughout the drawings, corresponding reference numerals
indicate like or corresponding parts and features. in respect of the methods
disclosed, the order of the steps presented is exemplary in nature, and thus, is
not necessary or critical unless recited otherwise.

[0016] Referring now fo the drawings, there is illustrated in Fig. 1 a photovoltaic
device, indicated generally at 10. Furthermore as will be described herein, the
photovoltaic device 10 includes one or more layers of material. Each layer can
cover all or a portion of the device 10 and/or all or a portion of a layer or a
substrate underlying the fayer. For example, a “layer” can include any amount of
any material that contacts all or a portion of a surface. Fig. 1 shows a side view
of a portion of the photovoltaic device 10. The photovoltaic device 10 includes a
transparent substrate 12. The transparent substrate 12 is formed of a material
that provides rigid support, light transmission, chemical stability and typically
includes one of a float glass, soda lime glass, polymer, or other suitable material.
The photovoltaic device 10 includes a transparent conductive oxide (TCO) layer
14 formed on the substrate 12. The transparent conductive oxide layer 14 is
formed of a material that provides low resistance electrical conduction, chemical
and dimensional stability and typically includes one of a tin oxide, zinc oxide,
cadmium stannate, combinations or doped variations thereof, or any other

suitable material.
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[0017] The photovoitaic device 10 of Fig. 1 includes a zinc-containing layer 16 as
a window layer. As shown the zinc-container layer 16 is a ZnO+xSx window layer
16 disposed between the TCO layer 14 and an absorber [ayer 18. The ZnO1.x5«
window layer 16 may be grown in crystalline form of the Wurtzite type using RF
sputter techniques, APCVD, LPCVD, MOCVD, through vaporization {close
spaced vaporization, vapor transport deposition), pyrolysis, or atomic layer
deposition (ALD), as explained in more detail below. As explained in more detail
below,the band gap of the ZnO1.xSx window layer 16 may be tuned by affecting a
ratio of sulfur to oxygen (S/0).

[0018] As shown in Fig. 1, the absorber layer 18 is formed of a photoactive
material or combination of materials (as shown in Fig. 2 and explained in more
detail below). The absorber layer 18 is formed from cadmium telluride. It is
understood that other compounds and materials may be used, inciuding silicon
based semiconductors, copper indium gallium selenide, and other suitable
materials. As shown, the absorber [ayer 18 has a thickness greater than a
thickness of the ZnO1.xSx window layer 16. The photovoltaic device 10 includes
a back contact layer 24. The back contact layer 24 is an electrically conductive
material, typically selected from among silver, nickel, copper, aluminum, titanium,
palladium, chromium, molybdenum, gold, and combinations thereof. in order to
electrically connect the photovoltaic device to another device or system, the back
contact layer includes polycrystalline zinc telluride (ZnTe). [t is understood that
the back contact layer 24 may be formed from a multi-layer stack including one
or more of CdTe, CdZnTe, ZnTe, and ZnTe:Cu.

[0019] For purposes of simplicity in illustrating the invention, only the substrate
12, the TCO layer 14, the ZnO1xSx window layer 16, the absorber layer 18, and
the back contact layer 24 are shown. However, one of ordinary skill in the art
should understand that one or more additional layers including, but not limited to,
a barrier layer, additional buffer layers, a dielectric layer, and the like, formed
from the same or different materials, may also be used in the photovoltaic device

10 of the present disclosure.
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[0020] By using the ZnO1xSx window layer 16 instead of a traditional window
layer, such as CdS which has a lower quantum efficiency and absorbs at least
some of the light in the blue light spectrum (around about 475 nm), a quantum
efficiency of the photovoltaic device 10 in the blue light spectrum is improved.
The ZnQ1xSx window layer 16 has improved optical fransmission over that of
CdS, thereby resulting in the improved photovoltaic device 10. A graph of
guantum efficiency versus light wavelength is shown in Fig. 4. At about 475 nm,
the quantum efficiency of the Zn01xSx window layer 16 is significantly higher
than that of CdS, while the quantum efficiencies of the ZnO1xSx window layer 16
and a CdS layer are approximately the same throughout the remainder of the
light spectrum.

[0021] Furthermore, compared to a band gap of approximately 2.43 eV for CdS,
the band gap of the ZnO1.xSx window layer 16 may be selectively varied between
about 2.55 eV and about 3.60 eV by altering the stoichiometry of the ZnO1x5«
window layer 16, as best shown in Fig. 5. Positive results have been obtained for
the ZnO1xSx window layer 16 where x is between about 0.01 and about 1.0,
between about 0.1 and about 0.9, and between about 0.2 and about 0.8.

[0022] By selectively varying and increasing the band gap of the ZnO1xSx
window layer 16 by altering the stoichiometry thereof, the optical response of the
photovoltaic device 10 may be tuned and the conduction band offset optimized.
Another limitation of using a CdS window layer is the lack of control over the rate
flux of the material once a CdTe/CdS structure is exposed to CdClz and
annealed, as known in the art. A more aggressive CdClz annealing step at
elevated temperatures and repeated heat treatments has been shown to improve
the quality of the CdTe semiconductor layer, but prolonged exposure to the
CdCi2 and prolonged exposure to elevated temperatures may lead to a
minimized CdS window layer, thus affecting the performance of the photovoltaic
device. However, due to a relatively higher melting point, the ZnO1xSx window
layer 16 provides a material more resistant to dissolution or interaction with
adjacent layers of the photovoltaic device 10 during the CdClz2 annealing process.

Consequently, a more aggressive CdClz annealing process may be used that
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prolongs the absorber layer 18 exposure to CdClz and elevated temperatures
may be used to result in an improved absorber layer 18 without adversely
affecting the ZnO1xSx window [ayer 16.

[0023] The band gap of the ZnO1xSx window layer 16 may be selectively varied
between about 2.55 eV and about 3.60 eV by manufacturing processes for
controlling the stoichiometry thereof (see Fig. 5). For example, the sulfur content
of the Zn0O1.xSx window iayer 16 may be controlled as a function of the deposition
technique used to apply the ZnG1xSx window layer 16. In one embodiment of the
invention, the ZnO+xSx window layer 16 may be grown in crystalline form of the
Wurtzite variety on the photovoltaic device using one of the following: an RF
sputtering process, a chemical vapor deposition from gas phases process (e.g.,
APCVD, LPCVD, MOCVD), through vaporization (e.g., close-spaced
vaporization, VTD), pyrolysis process, or atomic layer deposition (ALD) process.

[0024] Using an RF sputtering process, the ZnO1.xSx window layer 16 is formed
by using a ceramic ZnS target with Ar and Oz as working and reactive gases,
respectively. With the substrate 12 between about 300°C and about 400°C and
an RF power at about 300W, the ZnO1.xSx window layer 16 may have a thickness
of between about 100nm and about 700nm. Using an ALD process, the TCO
layer 14 is exposed to a zinc precursor (e.g., diethyl zinc) and subsequently
converted to ZnO using a water pulse (or other oxygen containing fluid) and an
H2S pulse (or other sulfur containing fluid) for further inclusion of sulfur ions in the
Zn01.xSx window layer 16. By controlling the duration of the pulses, the
stoichiometry of the ZnO1xSx window [ayer 16 may be controlled. Due to the
nature of the ALD process, typical growth of the ZnO1xSx crystals may occur at
relatively low temperatures from about 100°C to about 200°C, thus minimizing
costs associated with processing at higher temperatures. '

[0025] Using an APCVD process, a temperature of the substrate 12 is typically
higher than temperatures used for RF sputtering processes and ALD processes.
For the APCVD process, an upper limit of the temperatures use during the
APCVD process are around a softening temperature of the material forming the
substrate 12 (e.q., soda lime glass). Thus, the tolerance of the Zn01.xSx window
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layer 16 to excessive temperatures such as temperatures approaching the
softening temperature of the substrate 12 facilitates the use of the APCVD
process to result in a photovoltaic device 10 as described herein.

[0026] Fig. 2 illustrates a photovoitaic device 210 according fo another
embodiment of the invention. Furthermore as will be described herein, the
photovoltaic device 210 includes one or more layers of material. Each layer can
cover all or a portion of the device 210 and/or all or a portion of a layer or a
substrate underlying the layer. For example, a “layer” can include any amount of
any material that contacts all or a portion of a surface. Fig. 2 shows a side view
of a portion of the photovoltaic device 210. The photovoltaic device 210 includes
a transparent substrate 212, The transparent substrate 212 is formed of a
material that provides rigid support, light transmission, chemical stability and
typically includes one of a float glass, soda lime glass, polymer, or other suitable
material. The photovoltaic device 210 includes a transparent conductive oxide
(TCO) layer 214. The transparent conductive oxide layer 214 is formed of a
material that provides low resistance electrical conduction, chemical and
dimensionai stability and typically includes one of a tin oxide, zinc oxide,
cadmium stannate, combinations or doped variations thereof, or any other
suitable material.

[0027] The photovoltaic device 210 of Fig. 2 includes a zinc-containing layer 216
as a buffer layer. As shown the zinc-containing layer 216 is a ZnO1xSx buffer
layer 216 disposed between the TCO layer 214 and an absorber layer 218. The
Zn01xSx buffer layer 2186 serves as a buffer layer to provide an interface
between the TCO layer 216 and an n-type seminconductor layer 220 of the
absorber layer 218, thereby resulting in sizable open-circuit voltage and
efficiency enhancements of the photovoltaic device 210. The band gap of the
Zn0O1xSx buffer layer 216 may be tuned by affecting a ratio of S/0O. The Zn0O1xSx
buffer layer 216 may be deposited using a number of deposition techniques,
including ALD, APCVD, sputtering, and CBD. Sulfur content may be controlled as
a function of deposition technique and deposition conditions, as explained in
more detail below. The ZnO1xSx buffer layer 216 may be grown in crystalline



WO 2014/152693 PCT/US2014/027626

form of the Wurizite type using RF sputter techniques, APCVD, LPCVD,
MOCVD, through vaporization (close spaced vaporization, vapor fransport
deposition), pyrolysis, or atomic layer deposition (ALD).

[0028] As shown in Fig. 2, the absorber layer 218 is formed of a photoactive
material or combination of materials. The absorber layer 218 includes one or
more n-type semiconductor and/or one or more p-type semiconductors to form a
p-n junction. In one embodiment, the absorber layer 218 is a semiconductor bi-
layer including the n-type semiconductor 220, such as cadmium sulifide, for
example, and a p-type semiconductor 222, such as cadmium teliuride, for
example. It is understood that other compounds and materials may be used,
including silicon based semiconductors, copper indium gallium selenide, and
other suitable materials. As shown, the p-type semiconductor 222 has a
thickness greater than a thickness of the n-type semiconductor 220. The
photovoltaic device 210 includes a back contact layer 224. The back contact
layer 224 is an electrically conductive material, typically selected from among
silver, nickel, copper, aluminum, titanium, palladium, chromium, molybdenum,
gold, and combinations thereof. in order to electrically connect the photovoltaic
device to another device or system, the back contact layer includes
polycrystalline zinc telluride (ZnTe). It is understood that the back contact layer
may be formed from a multi-layer stack including one or more of CdTe, CdZnTe,
ZnTe, and ZnTe:Cu.

[0029] For purposes of simpiicity in illustrating the invention, only the substrate
212, the TCO layer 214, the ZnO1xSx buffer layer 216, the absorber layer 218,
and the back contact layer 224 are shown. However, one of ordinary skill in the
art should understand that one or more additional layers including, but not limited
to, a barrier layer, additional buffer layers, a dielectric layer, and the like, formed
from the same or different materials, may also be used in the photovoltaic device
210 of the present disclosure.

[0030] By using the ZnO1xSx buffer layer 216, a quantum efficiency of the
photovoltaic device 210 in the blue light spectrum may be improved. A graph of
quantum efficiency versus light wavelength is shown in Fig. 4. At about 475 nm,
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the quantum efficiency of the ZnO1xSx buffer layer 216 is significantly higher than
that of CdS, while the quantum efficiencies of the ZnO1.xSx buffer layer 216 and a
CdS layer are approximately the same throughout the remainder of the light
spectrum. Furthermore, the Zn014Sx buffer layer 216 may have improved optical
transmission qualities as compared to other buffer layers commonly used in the
art, thereby resulting in the improved photovoltaic device 210.

[0031] The ZnO1xSx buffer layer 216 also may provide a more resistive material
to fluxing or interaction with adjacent layers of the photovoltaic device 210 during
the CdClz annealing process. Consequently, a more aggressive CdClz annealing
process may be used that prolongs the exposure of the absorber layer 218 to
CdClz and elevated temperatures may be used to result in an improved absorber
layer 218 without adversely affecting the ZnO1.xSx buffer layer 216 and
underlying n-type semiconductor layer 220 and/or p-type semiconductor layer
222.

[0032] In one embodiment of the invention, the ZnO+1.xSx buffer layer 216 may be
grown in crystalline form of the Wurtzite variety on the photovoltaic device using
one of the following: an RF sputtering process, a chemical vapor deposition from
gas phases process (e.g., APCVD, LPCVD, MOCVD), through vaporization (e.g.,
close-spaced vaporization, VTD), pyrolysis process, or atomic layer deposition
(ALD) process. |

[0033] Using an RF sputtering process, the ZnO1xSx buffer layer 216 is formed
by using a ceramic Zn$S target with Ar and Oz as working and reactive gases,
respectively. With the substrate 212 between about 300°C and about 400°C and
an RF power at about 300W, the ZnO1xSx buffer layer 216 may have a thickness
of between about 100nm and about 700nm. Using an ALD process, the TCO
layer 214 is exposed to a zinc precursor (e.g., diethyl zinc) and subsequently
converted to ZnQO using a water pulse (or other oxygen containing fluid) and an
H2S pulse (or other sulfur containing fluid) for further inclusion of sulfur ions in the
Zn01xSx buffer layer 216. By controlling the duration of the pulses, the
stoichiometry of the ZnO+xSx buffer layer 216 may be controlled. Due to the
hature of the ALD process, typical growth of the ZnO1.xSx crystals may occur at
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relatively low temperatures from about 100°C to about 200°C, thus minimizing
costs associated with processing at higher temperatures.

[0034] Using an APCVD process, a temperature of the substrate 212 is typically
higher than temperatures used for RF sputtering processes and ALD processes.
For the APCVD process, an upper limit of the temperatures use during the
APCVD process are around a softening temperature of the material forming the
substrate 212 (e.g., soda lime glass). Thus, the tolerance of the ZnO1xSx buffer
layer 216 to excessive temperatures such as temperatures approaching the
softening temperature of the substrate 212 facilitates the use of the APCVD
process {o result in a photovoltaic device 210 as described herein.

[0035] Fig. 3 shows a photovoltaic device 310 according to another embodiment
of the invention. The photovoltaic device 310 includes a transparent substrate
312. The transparent substrate 312 is formed of a material that provides rigid
support, light transmission, chemical stability and typically includes one of a float
glass, soda lime glass, polymer, or other suitable material. The photovoitaic
device 310 includes a transparent conductive oxide (TCO) layer 314. The
transparent conductive oxide layer 314 is formed of a material that provides low
resistance electrical conduction, chemical and dimensional stability and typically
includes one of a tin oxide, zinc oxide, cadmium stannate, combinations or doped
variations thereof, or any other suitable material.

[0036] The photovoltaic device 310 of Fig. 3 includes a zinc-containing layer 316.
As shown, the zinc-containing layer is a ZnO1xSx layer 316 disposed between an
n-type semiconductor layer 320 and a p-type semiconductor layer 322. The
Zn0O1xSx |ayer 316 forms a composite window layer with the n-type
semiconductor layer 320. The band gap of the ZnO1xSx layer 316 may be tuned
by affecting a ratio of $/0. The ZnO1xSx layer 316 may be deposited using a
number of deposition techniques, including ALD, APCVD, sputtering, and CBD.
Sulfur content may be controlled as a function of deposition technique and
deposition conditions, as desired. The ZnO1xSx layer 316 may be grown in
crystalline form of the Wurlzite type using RF sputter techniques, APCVD,

10
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LPCVD, MOCVD, through vaporization (close spaced vaporization, vapor
transport deposition), pyrolysis, or atomic layer deposition (ALD).

[0037] As shown in Fig. 3, the absorber layer 318 is formed of a photoactive
material or combination of materials. Typically, the absorber layer 318 includes
one or more n-type and/or one or more p-type semiconductors to form a p-n
junction. In one embodiment, the absorber layer 318 is formed from a composite
window fayer of the n-type semiconductor 320, such as cadmium suifide, for
example, and the ZnO1xSx layer 316 and a p-type semiconductor 322, such as
cadmium telluride, for example. As shown, the p-type semiconductor 322 has a
thickness greater than a thickness of the n-type semiconductor 320, and the n-
type semiconductor 320 has a thickness greater than a thickness of the ZnO1xSx
layer 316. In one embodiment of the invention, the p-type semiconductor 322 has
a thickness of about 10 to about 100 times thicker than thé n-type semiconductor
320. The n-type semiconductor 320 has a thickness in the range of about 0.05
times and about 30 times the thickness of the ZnO1xSx layer 316. It is
understood that other compounds and materials may be used, including silicon
based semiconductors, copper indium gallium selenide, and other suitable
materials. As shown, the p-type semiconductor 322 has a thickness greater than
a thickness of the n-type semiconductor 320. The photovoltaic device 310
includes a back contact layer 324. The back contact layer 324 is an electrically
conductive material, typically selected from among silver, nickel, copper,
aluminum, titanium, palladium, chromium, molybdenum, gold, and combinations
thereof. In order to electrically connect the photovoltaic device to another device
or system, the back contact layer includes polycrystalline zinc telluride (ZnTe). It
is understood that the back contact layer may be formed from a multi-layer stack
including one or more of CdTe, CdZnTe, ZnTe, and ZnTe:Cu.

[0038] For purposes of simplicity in illustrating the invention, only the substrate
312, the TCO layer 314, the ZnO1xSx layer 316, the absorber layer 318, and the
back contact layer 324 are shown. However, one of ordinary skill in the art should
understand that one or more additional layers including, but not limited to, a

barrier layer, additional buffer layers, a dielectric layer, and the like, formed from

11
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the same or different materials, may also be used in the photovoltaic device 310
of the present disclosure.

[0039] By using the ZnO1xSx layer 316, a quantum efficiency of the photovoltaic
device 310 in the blue light spectrum may be improved. A graph of quantum
efficiency versus light wavelength is shown in Fig. 4. At about 475 nm, the
quantum efficiency of the ZnO1xSx layer 316 is significantly higher than that of
CdS, while the quantum efficiencies of the ZnO1xSx layer 316 and a CdS layer
are approximately the same throughout the remainder of the light spectrum.
Furthermore, the ZnO1.xSx layer 316 may have improved optical transmission
qualities as compared to other buffer layers commonly used in the art, thereby
resulting in the improved photovoltaic device 310.

[0040] The ZnO1xSxlayer 316 also may provide a more resistive material to
fluxing or interaction with adjacent layers of the photovoltaic device 310 during
the CdClz annealing process. Consequently, a more aggressive CdClz annealing
process may be used that profongs the exposure of the absorber layer 318 to
CdClz and elevated temperatures may be used fo result in an improved absorber
layer 318 without adversely affecting the ZnO1.xSx layer 316 and underlying n-
type semiconductor layer 320 and/or p-type semiconductor [ayer 322.

[0041] In one embodiment of the invention, the ZnO1.xSx layer 316 may be grown
in crystalline form of the Wurtzite variety on the photovoltaic device using one of
the following: an RF sputtering process, a chemical vapor deposition from gas
phases process (e.g., APCVD, LPCVYD, MOCVD), through vaporization (e.g.,
close-spaced vaporization, VTD), pyrolysis process, or atomic layer deposition
(ALD) process.

[0042] Using an RF sputtering process, the ZnO1xSx layer 316 is formed by using
a ceramic ZnS target with Ar and O:z as working and reactive gases, respectively.
With the substrate 312 between about 300°C and about 400°C and an RF power
at about 300W, the ZnO1xSx layer 318 may have a thickness of between about
100nm and about 700nm. Using an ALD process, the TCO layer 314 is exposed
to a zinc precursor (e.g., diethyl zinc) and subsequently converted to ZnO using a

water pulse (or other oxygen containing fluid) and an Hz2S puise (or other sulfur

12
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containing fluid) for further inclusion of sulfur ions in the ZnO1xSx layer 316. By
controlling the duration of the pulses, the stoichiometry of the Zn0+1xSx layer 316
may be controlled. Due to the nature of the ALD process, typical growth of the
Zn0O1xSx crystals may occur at relatively low temperatures from about 100°C to
about 200°C, thus minimizing costs associated with processing at higher
temperatures.

[0043] Using an APCVD process, a temperature of the substrate 312 is typically
higher than temperatures used for RF sputtering processes and ALD processes.
For the APCVD process, an upper limit of the temperatures use during the
APCVD process are around a softening temperature of the material forming the
substrate 312 (e.g., soda lime glass). Thus, the tolerance of the ZnO1.xSx layer
316 to excessive temperatures such as temperatures approaching the softening
temperature of the substrate 312 facilitates the use of the APCVD process to
result in a photovoltaic device 310 as described herein.

[0044] While certain representative embodiments and details have been shown
for purposes of illustrating the invention, it will be apparent to those skilled in the
art that various changes may be made without departing from the scope of the
disclosure, which is further described in the following appended claims.
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CLAIMS

What is claimed is:

1. A photovoltaic device comprising:
a substrate;
a zinc-containing layer disposed on the substrate; and
a CdTe semiconductor layer disposed adjacent to the zinc-containing

layer.

2. The photovoltaic device of Claim 1, wherein the zinc-containing layer is
ZnO1xSx.

3. The photovoltaic device of Claim 2, wherein x is between about 0.01 and
about 1.0.

4. The photovoltaic device of Claim 3, wherein x is between about 0.1 and
about 0.9. |

5. The photovoltaic device of Claim 4, wherein x is between about 0.2 and
about 0.8,

6. The photovoltaic device of Claim 1, wherein the zinc-containing layer is a

window layer disposed between the substrate and the semiconductor layer.

7. The photovoltaic device of Claim 1, wherein the semiconductor layer

comprises a p-type semiconductor layer and an n-type semiconductor layer.

8. The photovoltaic device of Claim 7, wherein the zinc-containing layer is
disposed between the p-type semiconductor layer and the n-type
semiconductor layer and forms a composite window layer with the n-type

semiconductor layer.

14
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9. The photovoltaic device of Claim 8, wherein the zinc-containing layer has
a thickness less than a thickness of the n-type semiconductor layer which has

a thickness less than a thickness of the p-type semiconductor layer.

10. The photovoltaic device of Claim 7, wherein the zinc-containing layer is a
buffer layer disposed befween the substrate and the n-type semiconductor

layer,

11. The photovoltaic device of Claim 1, further comprising a transparent
conductive oxide layer disposed between the substrate and the zinc-

containing layer.

12. A photovoltaic device comprising:
a substrate;
a ZnO1xSx layer disposed on the substrate; and

a CdTe layer disposed adjacent to the ZnO+xSx layer.

13. The photovoltaic device of Claim 12, wherein x is between about 0.01 and
about 1.0.

14. The photovoltaic device of Claim 12, wherein the ZnQ1xSx layeris a

window layer disposed between the substrate and the CdTe layer.

15. The photovoltaic device of Claim 12, further comprising a CdS layer,
wherein the ZnO1xSx layer is disposed between the CdTe layer and the CdS

layer and forms a composite window layer with the CdS layer.

16. A method of forming a photovoltaic device comprising the steps of:
applying a ZnO1xSx layer on a substrate; and
applying a semiconductor [ayer on the ZnO1xSx layer, wherein the ZnO1.

xSx layer is one of a window layer and a buffer layer.

15
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17. The method of Claim 16, further comprising a step of selectively varying
the stoichiometry of the ZnO1.xSx layer by controlling a content of the sulfur

during the deposition process.

18. The method of Claim 17, wherein the deposition process for applying the
Zn0O1.xSx layer is one of an RF sputtering process, a chemical vapor

deposition process, and an atomic layer deposition process.

19. The method of Claim 18, wherein the deposition process for applying the
Zn0O1xSx layer is an RF sputtering process using a Zn$S target with an Ar

working gas and an Oz reactive gas.

20.The method of Claim 18, wherein the deposition process for applying the
ZnO1xSx layer is an atomic layer deposition process whereby the substrate is
exposed sequentially to a zinc precursor, an oxygen source for conversion of

the zinc precursor to ZnQ, a sulfur source for inclusion of a sulfur ion to the

Zn0O.

16



WO 2014/152693 / PCT/US2014/027626
1/2

10\

24—

18— |

16— |

14—

/
12— ) FIG.

210
"

224—]

222— ]
218

220—

216— |

214— ]

/
22—V L FIG. 2

310\

324— ]

322— ]

316— |

320— | _/

314—]

12— FIG. 3




Quantum Efficiency

WO 2014/152693

2/2

PCT/US2014/027626

0.9
0.8+
0.7
0.6
0.5+
0.4-
0.3
0.2-
0.1+

R adeal o

CdS/CdTe

,,,,,,

Zn04.,Sy/CdTe

400

' 500 600 700

A

800

900

FIG. 4

3.6

eV)

Band Gap

2.4

34
© 320
3.0
28|

2.6
T e N e e

00 02 04 06

0.
x-Composition of ZnO4_, S

8

X

1.0

FIG. 5




INTERNATIONAL SEARCH REPORT PCTIUS‘-lmematlonal appilcaiion ﬁd -

PCT/US14/27626

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - HO1L 31/0272, 31/0296, 31/074 (2014.01)
USPC - 136/260; 257/614; 438/85
According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

IPC(8): HO1L 31/02, 31/0256, 31/0264, 31/0272, 31/0296, 31/074 (2014.01)
USPC: 136/243, 252, 260; 257/200, 614; 438/57, 85

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

MicroPatent (US-G, US-A, EP-A, EP-B, WO, JP-bib, DE-C,B, DE-A, DE-T, DE-U, GB-A, FR-A); Google; Google Scholar; ProQuest;
KEYWORDS: substrate photovoltaic solar cell zinc oxide zinc sulfide cadmium tellurium window layer buffer layer p-n junction p-type
n-type thickness

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X PERRENQUD, J. et al. Application of ZnO1-xSx as Window Layer in Cadmium Telluride Solar 1-18, 20

- Cells. IEEE, Photovoltaic Specialists Conference, June 25, 2010, pp. 1-6 [online], [retrievedon | -

Y 2014-06-16). Retrieved from the Internet: <URL: http://ieeexplore.ieee.org/xpl/login.jsp? 19

tp=&arnumber=56145928&url=http%3A%2F %2Fieeexplore.ieee.org%2F stamp%2F stamp.jsp%
3Farmumber%3D5614592> <DOI: 10.1109/PVSC.2010.5614592>

Y MEYER, B. K. et al. Structural properties and bandgap bowing of ZnO1-xSx thin films deposited | 19
by reactive sputtering. Applied Physics Letters, Volume 85, No. 21, November 22, 2004, page
4929 [online]}, [retrieved on 2014-06-16]. Retrieved from the Internet: <URL:
http://www.researchgate.net/publication/224427947_Structural_properties_and_bandgap_bowin
g_of_ZnO1-xSx_thin_films_deposited_by_reactive_sputtering>, <DOI: 10.1063/1.1825053>

A US 2012/0067421 A1 (SHAOQ, R. et al.) March 22, 2012; entire document 1-20

D Further documents are listed in the continuation of Box C. D

*  Special categories of cited documents: “T” later document published after the international filing date or priority

“A”  document defining the general state of the art which is not considered date and not in conflict with the aptEllqanon but cited to understand
to be of particular relevance the principle or theory underlying the invention

“E” ecarlier application or patent but published on or after the iriternational “X” document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive

“L” document which may throw doubts on priority claim(s) or which is step when the document is taken alone

g'tggaﬁor::;gzh(i ;hgc?fl_:g(lil)canon date of another citation or other “Y” document of particular relevance; the claimed invention cannot be

P S P considered to involve an inventive step when the document is

“0” document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art

“P”  document published prior to the international filing date but later than  « g »

the priority date claimed document member of the same patent family

Date of the actual completion of the international search Date of mailing of the international search report
17 June 2014 (17.06.2014) ' 2 9 J U L 2014
Name and mailing address of the ISA/US Authorized officer:
Mail Stop PCT, Attn: ISA/US, Commissioner for Patents Shane Thomas
P.O. Box 1450, Alexandria, Virginia 22313-1450
.. PCT Helpdesk: 571-272-4300
Facsimile No. 571-273-3201 PCT OSP: 571-272-7774




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - claims
	Page 16 - claims
	Page 17 - claims
	Page 18 - drawings
	Page 19 - drawings
	Page 20 - wo-search-report

