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Method of Forming Optoelectronic Device having a Stabilized Metal Oxide Layer

Field of the Invention

[001 ] This invention relates to a method of treating a metal oxide layer which

is part of an optoelectronically active device, such as a photovoltaic device or organic light

emitting diode. The invention also relates to the device formed using this method.

Background of the Invention

[002] Photovoltaic devices are made with materials that absorb incident light

and generate an electric output. Examples of such optoelectrically active materials include

Group IB-IIIB chalcogenides, crystalline and/or amorphous silicon, cadmium tellurides,

gallium arsenides, and the like. Some of these devices may be made with a metal oxide

layer above the optoelectrically active material. The metal oxides serve as a conductor or

semiconductor and are selected due to their transparency to light. Metal oxides are also

used in organic light emitting diodes as top side electrodes. Zinc oxides are frequently

used, particularly in Group IB-IIIB chalcogenide based photovoltaic cells.

[003] US2007/0295390 teaches that metal oxides such as zinc oxides can be

useful as protective layers.

Summary of the Invention

[004] Surprisingly, contrary to the teachings of US2007/0295390, the present

inventors have discovered zinc oxides can be susceptible to reaction with moisture that can

decrease long term stability of the devices. This reaction can be accelerated by the presence

of even a weak acid.

[005] Therefore, the inventors have further discovered that reaction of the

metal oxide layers with certain materials can reduce susceptibility of the metal oxide layers

to water and make the optoelectrically active devices more stable over time.

[006] Thus, according to a first embodiment, this invention is a method

comprising depositing a metal oxide layer as part of the production of an optoelectrically

active device and exposing the metal oxide layer to a reactive agent to form a relatively

hydrophobic surface.

[007] According to a second embodiment, this invention is an optoelectrically

active device having at least a back electrode, one optoelectrically active layer, and a metal

oxide over the optoelectrically active layer, wherein a top portion of the metal oxide layer



comprises the reaction product of the metal oxide with a compound that increases the

resistance of the metal oxide layer to moisture while having substantially no effect on the

optical or electrical properties of the layer.

Brief Description of the Drawings

[008] Fig. 1 is a schematic of one embodiment of a photovoltaic cell with

which the present invention is useful.

Detailed Description of the Invention

[009] The optoelectrically active device of this invention may be any such

device, such as an organic light emitting diode or, more preferably, a photovoltaic device.

The device is characterized by a backside (away from light emission or light reception)

electrode, at least one photoelectrically active layer, and a metal oxide over the

photoelectrically active layer. The metal oxide may serve as a frontside electrode or may be

an intermediate layer used in combination with an additional frontside electrode.

The metal oxide layer preferably is doped or undoped zinc oxide or a doped or undoped tin

oxide (e.g. indium tin oxide), but is more preferably a zinc oxide layer such as zinc oxide,

doped zinc oxides (e.g. aluminum doped zinc oxide, gallim doped zinc oxide or indium

doped zinc oxide).

[001 0] When the device is an organic light emitting diode, the active layer may

be any small molecule or polymeric material that emits light when an electric current is

applied to the material. Preferably, the device is a photovoltaic cell of the classes described

above. The photovoltaic cell includes a backside electrode, an absorber and at least one

metal oxide, preferably zinc oxide based, layer. Group IB-IIIB chalcogenides are the

preferred absorber. These compositions shall be collectively referred to hereinafter as

photoelectronically active, chalcogen-based (PACB) compositions.

[001 1] Fig. 1 shows one embodiment of a photovoltaic article 10 that may be

made by processes of the invention. This article 10 comprises a substrate incorporating a

support 22, a backside electrical contact 24, and a chalcogenide absorber 20. The article 10

further includes a buffer region 28 incorporating an n-type chalcogenide composition of the

present invention, an optional front side electrical contact window region 26, a transparent

conductive region 30, a collection grid 40, and an optional barrier region 34 to help protect

and isolate the article 10 from the ambient conditions. Each of these components is shown

in Fig. 1 as including a single layer, but any of these independently can be formed from



multiple sublayers as desired. Additional layers (not shown) conventionally used in

photovoltaic cells as presently known or hereafter developed may also be provided. As

used occasionally herein, the top 12 of the cell is deemed to be that side which receives the

incident light 16. The method of forming the cadmium sulfide based layer on the absorber

can also be used in tandem cell structures where two cells are built on top of each other each

with an absorber that absorbs radiation at different wavelengths.

[001 2] The support 22 may be a rigid or flexible substrate. Support 22 may be

formed from a wide range of materials. These include glass, quartz, other ceramic

materials, polymers, metals, metal alloys, intermetallic compositions, paper, woven or non-

woven fabrics, combinations of these, and the like. Stainless steel is preferred. Flexible

substrates are preferred to enable maximum utilization of the flexibility of the thin film

absorber and other layers.

[001 3] The backside electrical contact 24 provides a convenient way to

electrically couple article 10 to external circuitry. Contact 24 may be formed from a wide

range of electrically conductive materials, including one or more of Cu, Mo, Ag, Al, Cr, Ni,

Ti, Ta, Nb, W combinations of these, and the like. Conductive compositions incorporating

Mo are preferred. The backside electrical contact 24 may also help to isolate the absorber 20

from the support 22 to minimize migration of support constituents into the absorber 20. For

instance, backside electrical contact 24 can help to block the migration of Fe and Ni

constituents of a stainless steel support 22 into the absorber 20. The backside electrical

contact 24 also can protect the support 22 such as by protecting against Se if Se is used in

the formation of absorber 20.

[001 4] The absorber 20 preferably incorporates at least one p-type Group lb-IIIb

chalcogenide, such as selenides, sulfides, and selenides-sulfides that include at least one of

copper, indium, and/or gallium. In many embodiments, these materials are present in

polycrystalline form. Advantageously, these materials exhibit excellent cross-sections for

light absorption that allow absorber 20 to be very thin and flexible. In illustrative

embodiments, a typical absorber region 20 may have a thickness in the range from about

300 nm to about 3000 nm, preferably about 1000 nm to about 2000 nm.

[001 5] Representative examples of such p-type chalcogenides absorbers are

selenides, sulfides, tellurides, and/or combinations of these that include at least one of

copper, indium, aluminum, and/or gallium. More typically at least two or even at least three



of Cu, In, Ga, and Al are present. Sulfides and/or selenides are preferred. Some

embodiments include sulfides or selenides of copper and indium. Additional embodiments

include selenides or sulfides of copper, indium, and gallium. Aluminum may be used as an

additional or alternative metal, typically replacing some or all of the gallium. Specific

examples include but are not limited to copper indium selenides, copper indium gallium

selenides, copper gallium selenides, copper indium sulfides, copper indium gallium sulfides,

copper gallium selenides, copper indium sulfide selenides, copper gallium sulfide selenides,

copper indium aluminum sulfide, copper indium aluminum selenide, copper indium

aluminum sulfide selenide, copper indium aluminum gallium sulfide, copper indium

aluminum gallium selenide, copper indium aluminum gallium sulfide selenide, and copper

indium gallium sulfide selenides. The absorber materials also may be doped with other

materials, such as Na, Li, or the like, to enhance performance. In addition, many chalcogen

materials could incorporate at least some oxygen as an impurity in small amounts without

significant deleterious effects upon electronic properties. One preferred class of CIGS

materials may be represented by the formula:

CuaInbGa AldSewSxTe Na (A)

Wherein, if "a" is defined as 1, then:

"(b+c+d)/a" = 1.0 to 2.5, preferably 1.0 to 1.65

"b" is 0 to 2, preferably 0.8 to 1.3

"c" is 0 to 0.5, preferably 0.05 to 0.35

"d" is 0 to 0.5, preferably 0.05 to 0.35, preferably d = 0

"(w+x+y)" is 2 to 3, preferably 2 to 2.8

"w" is 0 or more, preferably at least 1 and more preferably at least 2 to 3

"x" is 0 to 3, preferably 0 to 0.5

"y" is 0 to 3, preferably 0 to 0.5

"z" is 0 to 0.5, preferably 0.005 to 0.02

[001 6] The absorber 20 may be formed by any suitable method using a variety

of one or more techniques such as evaporation, sputtering, electrodeposition, spraying, and

sintering. One preferred method is co-evaporation of the constituent elements from one or

more suitable sources (e.g. sputter targets), where the individual constituent elements are

thermally evaporated on a hot surface coincidentally at the same time, sequentially, or a

combination of these to form absorber 20. After deposition, the deposited materials may be

subjected to one or more further treatments to finalize the absorber properties.



[001 7] Optional layers (not shown) may be used on substrate in accordance with

conventional practices now known or hereafter developed to help enhance adhesion

between backside electrical contact 24 and the support 22 and/or between backside

electrical contact 24 and the absorber region 20. Additionally, one or more barrier layers

(not shown) also may be provided over the backside of support 22 to help isolate device 10

from the ambient and/or to electrically isolate device 10.

[001 8] A buffer region 28 is preferably cadmium sulfide based material

deposited on the absorber 20. The buffer region may be formed by any known method

including chemical bath deposition or sputtering.

[001 9] Optional window region 26 which may be a single layer or formed from

multiple sublayers, which can help to protect against shunts. Window region 26 also may

protect buffer region 28 during subsequent deposition of the TC region 30. The window

region 26 may be formed from a wide range of materials and often is formed from a

resistive, transparent oxide (TCO) such as an oxide of Zn, In, Cd, Sn, combinations of these

and the like. An exemplary window material is intrinsic ZnO. A typical window region 26

may have a thickness in the range from about 1 nm to about 200 nm, preferably about 10

nm to about 150 nm, more preferably about 80 to about 120 nm.

[0020] The TCO region 30, which may be a single layer or formed from

multiple sublayers, is electrically coupled to the buffer region 28 to provide a top

conductive electrode for article 10. In many suitable embodiments, the TCO region 30 has

a thickness of at least 10 nm, preferably at least 50 nm and more preferably at least 100 nm

and less than 1500 nm, preferably less than 500 nm. As shown, the TCO region 30 is in

direct contact with the window region 26, but one or more intervening layers optionally

may be interposed for a variety of reasons such as to promote adhesion, enhance electrical

performance, or the like.

[0021] A wide variety of transparent conducting oxides; very thin conductive,

transparent metal films; or combinations of these may be used in forming the transparent

conductive region 30. Transparent conductive oxides are preferred. Examples of such

TCOs include fluorine-doped tin oxide, tin oxide, indium oxide, indium tin oxide (ΓΓΟ),

aluminum doped zinc oxide (AZO), zinc oxide, combinations of these, and the like. In one

illustrative embodiment, TCO region 30 has a dual layer construction in which a first

sublayer proximal to the buffer incorporates zinc oxide and a second sublayer incorporates



ITO and/or AZO. TCO layers are conveniently formed via sputtering or other suitable

deposition technique.

[0022] The treatment of the metal oxide layer may occur in either or both of the

optional window layer and the transparent conductor, but the surface treatment is preferably

performed on the top or exposed surface.

[0023] The top portion of the metal oxide layer is treated in this invention by

exposure to a compound that increases the resistance of the metal oxide to reaction with

moisture. Preferably the treated metal oxide layer is a zinc oxide or aluminum doped zinc

oxide. The surface treatment is exposure to a reactive gas or other material that reacts at the

surface and thereby inhibits reaction of the metal oxide with moisture while substantially

maintaining the electrical and optical properties of the overall metal oxide layer. The

preferred reactive gasses are hydrogen sulfide or hydrogen selenide but other materials such

as volatile organic compounds of sulfur or selenium could be used. For example volatile

thiols (R-SH) or seleols (R-she), sulfides (R-S-R) or selenides (R-Se-R), where R denotes

organic functionality. The use of reactive gases such as H2S or H2Se is preferred to avoid

any residual carbon contamination. For H2S and H2Se the surface treatment preferably

occurs by exposing the TCO to the reactive gases at pressures form 0.01 mbar to 1 bar,

preferably from 0.05 mbar to 0.2 mbar of gas for a time period sufficient to affect top layer

conversion ranging from 1 second to 30 minutes, preferably for 10 seconds to 60 seconds at

temperatures in the range of 0°C to 250°C, preferably 25°C to 150°C.

[0024] According to a preferred embodiment the reactive compound is hydrogen

sulfide or hydrogen selenide and the resulting metal oxide shows a molar ratio of metal to

oxygen at a depth of 5 nm is less than 0.8, preferably no greater than 0.7, but greater than

0.2, as measured by angle resolved x-ray photoelectron spectroscopy (XPS), indicating a

decrease in the amount of available oxygen for reaction at the surface. In addition,

preferably the ratio of sulfur or selenium to metal (depending upon which gas is used) at 5

nm is at least 0.1, more preferably at least 0.3, and most preferably at least 0.5 indicating

surface reaction of the reactive gas.

[0025] Alternatively, the depth of reaction of the surface treatment as indicated

by secondary ion-mass spectrometry (SIMS)» using 1 keV cesium sputter beam preferably

is found primarily in the top 20 nm, more preferably the top 10 nm, and most preferably 5

nm as indicated by residual signal of the reactive species in the film (e.g. Se or S). At



depths greater than these ranges the bulk film is preferably substantially unchanged by the

surface treatment, although a very small signal of residual reactive species may still be

observed at less than 1 percent.

[0026] The optional electrical grid collection structure 40 may be deposited over

the TCO region 30 to reduce the sheet resistance of this layer. The grid structure 40

preferably incorporates one or more of Ag, Al, Cu, Cr, Ni, Ti, Ta, TiN, TaN, and

combinations thereof. Preferably the grid is made of Ag. An optional film of Ni (not

shown) may be used to enhance adhesion of the grid structure to the TCO region 30. This

structure can be formed in a wide variety of ways, including being made of a wire mesh or

similar wire structure, being formed by screen-printing, ink-jet printing, electroplating,

photolithography, and metallizing thru a suitable mask using any suitable deposition

technique.

[0027] A chalcogenide based photovoltaic cell may be rendered less susceptible

to moisture related degradation via direct, low temperature application of suitable barrier

protection 34 to the top of the photovoltaic article 10. The barrier protection may be a

single layer or multiple sublayers. As shown the barrier does not cover the electrical grid

structure but a barrier that covered such grid may be used instead or in addition to the

barrier shown.

Example

Example 1

[0028] Samples of a stack of intrinsic ZnO and 2 wt% Al-doped ZnO films

were deposited by radio frequency sputtering. Specifically, 150 nm of i-ZnO film was

deposited first using 100 W, ~ 0.25% 0 2 (balance Ar) at a pressure of ~ 0.003 mbar. The ~

230 nm thick Al-doped ZnO film was then deposited at 100 W, 100% Ar at a pressure of ~

0.003 mbar. The films were deposited on borosilicate glass at a substrate temperature of ~

150°C.

[0029] Without exposing these films to ambient conditions, the films were then

reacted with either H2S or H2Se at a pressure of 0 .1 mbar and two different substrate

temperatures: ~ 25°C and ~ 140°C. X-ray photoelectron spectroscopy (XPS) was used to

confirm the extent of reaction. The results are shown in Table 1.

Table 1. Atomic ratios (chalcogen (i.e. Se or S) to Zinc) for window layer stacks
reacted with H2S or H2Se as obtained via X-ray photoelectron spectroscopy.



Gas Sampling chalcogen/Zinc chalcogen/Zinc
depth, A ratio @ ~ 25°C ratio @ ~140°C

H2S ~ 100 0.15 0.45
H2S 30 0.25 0.7

H2Se ~ 100 0.32 0.55
H2Se 30 0.43 0.83

[0030] The data show that the reaction is occurring within the near surface

region as the sulfur or selenium to zinc ratios increase when the sampling depth decreases.

Also, the extent of reaction is higher for H2Se as the Se/Zn ratio approaches the theoretical

maximum of 1. Optical absorbance of the reacted films was compared to an un-reacted

control sample showing that the optical properties of the stack is unaffected by the reaction

with the hydrogen sulfide and hydrogen selenide.

[0031] The reacted and control films were placed in an environmental chamber

maintained at 85°C and 85% relative humidity (RH) and the Hall resistivity of the films was

measured at various time intervals. At each time interval three replicate measurements were

obtained. Table 2 shows that the reaction does provide some beneficial protective effect in

that the increase in resistivity of the films is substantially less for the reacted films.

Table 2 . Mean Hall resistivity at t = Oh hours and t = 48 hours for window layer
films exposed to 85°C/85% RH environment.

Example 2

[0032] Indium tin oxide was coated onto glass substrates. The coatings were

then treated with hydrogen sulfide at 0.1 mbar and 140°C for 39 minutes. The film was

analyzed using angle-resolved XPS at take-off angles of 90, 30, and 15 degrees

corresponding to analysis depth of 10, 5, and 3 nm, respectively. The results show that the

metal to oxygen mole ratio at each depth is about 0.7 while the sulfur to metal ratio is just

under 0.1.



Example 3

[0033] Example 2 was repeated using hydrogen selenide rather than hydrogen

sulfide. The results show that the metal to oxygen ratio is about 0.6 at 3 and 5 nm and 3.7 at

10 nm, indicating more reaction at the top levels, while the selenium to metal ratio is from

about 0.3 at 10 nm and about 0.4 at 3 and 5 nm.

Example 4

[0034] Example 2 was repeated but on a coating of zinc oxide rather than

indium tin oxide. The results show that the metal to oxygen mole ratio at each depth is

about 0.5 to 0.7 while the sulfur to metal ratio is from 0.4 to 0.7. This compares to a metal

to oxygen ratio of about 0.8 to 0.9 for untreated zinc oxide films.

Example 5

[0035] Example 3 was repeated but on a coating of zinc oxide rather than

indium tin oxide, The results show that the metal to oxygen ratio is about 0.4 to 0.6, while

the selenium to metal ratio is from about 0.3 to about 0.4.



WHAT IS CLAIMED IS:

1. A method comprising depositing metal oxide as part of production of an optoelectrically

active device and exposing the metal oxide to a reactive agent that reacts with oxide to form

a relatively hydrophobic surface

2 . The method of claim 1 wherein the optoelectrically active device is a photovoltaic

device.

3 . The method of claim 1 or 2 wherein the metal oxide is a zinc oxide or an indium tin

oxide.

4 . The method of claim 3 wherein the metal oxide is zinc oxide or aluminum doped zinc

oxide.

5 . The method of any one of the preceding claims where the reactive agent is hydrogen

sulfide or hydrogen selenide.

6 . An optoelectrically active device made by the method of any one of claims 1-5.

7 . A photovoltaic device having an absorber layer and at least one additional layer

comprising a metal oxide wherein the surface of the metal oxide layer comprises the

reaction product of the metal oxide with a compound that increases the resistance of the

layer to moisture while having substantially no effect on the optical or electrical properties

of the layer.

8. The device of claim 7 wherein the depth of surface modification is less than 20 nm.
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