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function TCO and the high work-function uppermost semiconductor layer of the device in order to reduce a potential barrier for

holes extracted from the device by the front contact.
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TITLE OF THE INVENTION

FRONT CONTACT WITH HIGH WORK-FUNCTION TCO FOR USE IN
PHOTOVOLTAIC DEVICE AND METHOD :OF MAKING SAME

[0001] This invention relates to a photovoltaic device including a front -
contact. In certain example embodiments, the front contact of the photovoltaic device
includes a low work-function transparent conductive oxide (T'CO) of a material such
as tin oxide, zinc oxide, or the like, and-a thin high work-function TCO of a material
such as oxygen-rich ITO (indium tin oxide) orthe like. The high-work function TCO
is located between the low work-function TCO and the uppermost semiconductor
layer of the photovoltéic device so as to provide for substantial work-function
matching between the low work-function TCO and the high work-function uppermost
semiconductor layer of the device in order to reduce a potential barrier for holes

extracted from the device by the front contact.

BACKGROUND AND SUMMARY OF EXAMPLE EMBODIMENTS OF
' INVENTION

[0002] Photovoltaic devices are known in the art (e.g., see U.S. Patent Nos.
6,784,361, 6,288,325, 6_,613,603, and 6,123,824, the disclosures of which are hereby
incorporated herein by reference). Amorphous silicon photovoltaic devices, for
example, include a front contact or electrode. Typically, the transparent front contact
is made of a transparent conductive oxide (TCO) such as zinc oxide or tin oxide
formed on a substrate such as a glass substrate. In many instances, the transparent
front contact is formed of a single layer using a method of chemical pyrolysis where

precursors are sprayed onto the glass substrate at approximately 400 to 600 degrees C.

[0003] Typical TCOs used for certain front contacts of photovoltaic devices
are n-type and therefore cah create a Schottky barrier 4t the interface between the
 TCO and the uppermost semiconductor layer of the photovoltaic device (e.g., p-type
silicon based layer) in a reverse direction to the built-in field. This barrier can act as a
barrier for holes extracted from the device by the front contact, thereby leading to

inefficient performance.



WO 2008/024205 PCT/US2007/017664

[0004] Thus, it will be appreciated that there exists a need in the art for an
improved front contact for a photovoltaic device which can reduce the potential

barrier for holes extracted from the photovoltaic device by the front contact.

[0005] *In order to overcome the aforesaid problem, the front contact of the
photovoltaic de'v.icq"is provided with both (a) a low work-function TCO of a material
such as tin oxidel,‘ zinc oxide, or the like, and (b) a high work-function TCO of a
material such as a thin layer of oxygen-rich ITO or the like. The high-work function
TCO is located between the low work-function TCO and the uppermost
semiconductor layer of the photovoltaic device so as to provide for substantial work-
function matching between the low work-function TCO and the high work-function
uppermost semiconductor layer of the device, so as to reduce a potential barrier for

holes extracted from the device by the front contact.

[0006] In certain example embodiments of this invention, there is provided a
photovoltaic device comprising: a front glass substrate; an active semiconductor film;
an electrically conductive and substantially transparent front contact located between
at least the front glass substrate and the semiconductor film; wherein the front contact
comprises (a).a first transparent conductive oxide (TCO) film having a relatively low
work-function and (b) a second TCO film having a relatively high work-function; and
wherein the second TCO film having the relatively high work-function which is
higher than the work-function of the first TCO film being located between and

contacting the first TCO film and an uppermost portion of the semiconductor film.

[0007] In other example embodiments of this invention, there is provided a
front contact adapted for use in a photovoltaic device including an active
semiconductor film, the front contact comprising: a front glass substrate; a first
substantially transparent conductive oxide (TCO) film; a second substantially
transparent conductive oxide (T'CO) film having a high work-function, wherein the
work-function of the second TCO film is higher than that of the first TCO film; and
wherein the first TCO film is located between the glass substrate and the second TCO
film, so that the second TCO film having the high work-function is adapted to be
located between and contacting the first TCO film and an uppermost portion of the

semiconductor film of the photovoltaic device.
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[0008] In sﬁII further example embodiments of this invention, there is
provided a method of making a photovoltaic device, the method comprising:

‘ providing a glass substrate; depositing a first substantially transparent conductive
oxide (TCO) film on the glass substrate; depositing a second substantially transparent
conductive oxide (TCO) film having a relatively high work-function on the glass
sﬁbsﬁate over and contacting the first TCO film, wherein the second TCO film has a
higher work-function. than does the first TCO ﬁlm; and forming the photovoltaic
device so that' the second TCO film having the relatively high work-function is
sandwiched between and contacts each of the first TCO film and a semiconductor

film of the photovoltaic device.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIGURE 1 is a cross sectional view of an example photovoltaic device

according to an example embodiment of this invention.

[0010] FIGURE 2 is a graph illustrating band and Fermi level positions of
certain TCO materials and a p-type a-Si:H with respect to a vacuum level and a

normal hydrogen electrode (NHE).

.[0011] FIGURES 3(a)-3(g) are graphs illustrating the relative positions of
separated TCO layers and a-Si:H layers.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS OF THE
INVENTION

[0012] Photovoltaic devices such as solar cells convert solar radiation and

. other light into usable electrical energy. The energy conversion occurs typically as
the result of the photovoltaic effect. Solar radiation (e.g., sunlight) impinging on a
photovoltaic device and absorbed by an active region of semiconductor material (e.g.,
a semiconductor film including one or more semiconductor layers such as a-Si layers)
generates electron-hole pairs in the active region. The electrons and holes may be
separated by an electric field éf a junction in the photovoltaic device. The separation

3
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of the electrons and holes by the junction results in the generation of an electric
current and voltage. In certain example embodiments, the electrons flow toward the
region of the semiconductor material having n-type condﬁctivity, and holes flow
toward the region of the semiconductor having p-type conductivity. Current can flow
through an e}(ternal circuit connecting th_e n-type region to the p-type region as light

continues to generate electron-hole pairs in the photovoltaic device. -

[0013] In certain examplé embodinicnts, single junction amorphous silicon (a-
Si) photovoltaic devices include three semiconductor layers. In particular, a p-layer,
an n-layer and an i-layer which is intrinsic. The amorphous silicon film (which may
include one or more layers such as p, n and i type layers) may be of hydrogenated
amorphous silicon in certain instances, but may also be of or include hydrogenated
amorphous silicon carbon or hydrogenated amorphous silicon germanium, or the like,
in certain example embodiments of this invention. For éxample and without
limitation, when a photon of light is absorbed in the i-layer it gives rise to a unit of
electrical current (an electron-hole pair). The p and n-layers, which contain charged
dopant ions, set up an electric field across the i-layer which draws the electric charge
out of the i-layer and sends it to an optional external circuit where it cén provide
power for electrical components. It ié noted that while certain example embodiments
of this invention are directed toward amorphous-silicon based photovoltaic devices,
this invention is not so limited and may be used in conjunction with other types of
photovoltaic devices in certain instances including but not limited to devices

including other types of semiconductor material, tandem thin-film solar cells, and the
like.

[0014] Fig. 1 is a cross sectional view of a photovoltaic device according to an
example embodiment of this invention. The photovoltaic device includes transparent
front glass spbstrate 1, front electrode or contact 3 which is of or includes both (a) a
low work—functiop TCO 3a such as tin oxide, fluorine-doped tin oxide, zinc oxide,
aluminum-doped zinc oxide; indium zinc oxide, or the like, and (b) a high work-
function TCO 3b of or including a material such as oxygen-rich ITO or the like, active
semiconductor film 5 of one or more semiconductor layers, back electrode or contact

7 which may be of a TCO or a metal, an optional encapsulant 9 or adhesive of a
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material such as ethyl vinyl acetate (EVA) or the like, and an optional superstrate 11
of a material such as glass. Of course, other layer(s) which are not shown may also be
provided in the device. Front glass substrate 1 and/orrear superstrate (substrate) 11
may be made of soda-lime-silica based glass in certain example embodiments of this
invention. While substrates 1,.11 may be of glass in certain example embodiments of
this invention, other materials such as quartz or the like may instead be used.”
Moreover, suberstrate 11 is optional in certain instances. Glass 1 and/or 11 may or
may not be thermally tempered and/or patterned in certain example embodiments of
this invention. Additionally, it wiil be appreciated that the wc;rd "on" as used herein
covers both a layer being directly on and indirectly on something, with other layers

possibly being located therebetween.

[0015] In certain example ernbodimenté of this invention, the photovoltaic
device may be made by providing glass substrate 1, and then depositing (e.g., via
sputtering or any other suitable technique) TCO 3a on the substrate 1. Then, the high
work-function TCO 3b is depdsited on the substrate 1 over and contacting the TCO
3a. Thereafter the structure includin g substrate and front contact 3 is coupled with the
rest of the device in order to form the photovoltaic device shown in Fig. 1. For

' example, the sémiconductor layer 5'may then be formed over the front contact
structure on substrate 1, or alternatively may be.formed on the other substrate with the
front contact structure thereafter being coupled to the same. Front contact layers 3a
and 3b are typically continuously, or subst'antially. co‘ntinuously, provided over
substantially the entire surface of the semiconductor film 5 in certain example

embodiments of this invention.

[0016] ~ Incertain exémple embodiments of this invention, the front contact 3
of the photovoltaic device is provide with both a low work-function TCO 3a (e.g., n-
type) of a material such as tin oxide, zinc oxide, or the like, and a thin high work-
function TCO 3b of a material such as a thin layer of oxygen-rich ITO or the like.
The high-work function TCO 3b is located between the low work-function TCO 3a
and the uppermost éémiconductor portion (e.g:, p-type semiconductor portion) of film
5 of the photovoltaic device so as to provide for substantial work-function matching

between the low work-function TCO 3a and the high work-function uppermost
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semiconductor portion of the device, so as to reduce a potential barrier for holes
extracted from the device by the front contact. In certain example embodiments of

this invention, layer 3b may be formed by sputtering a ceramic ITO targetin a

gaseous atmosphere including a mixture of Ar (and/or any other inert gas) and oxygen
gases. .In other example embodiments, layer 3b may be formed by sputtering a metal
InSn fa:get in a gaseous atmosphere including a mixture of Ar-(and/or any other inert
gas) and oxygén gases, with a high amount of oxygen gas being used to cause the ITO .

layer 3b to be oxygen rich and thus have a high work function.

[0017] In certain example-embodiments of this invention,‘the high work-
functidn layer 3b has a work-function of from about 4.5 to 5.7 eV, more preferably
from about 4.5-5.3 €V, even mote preferably from about 4.7-5.3 eV, and possibly
from about 4.9-5.3 eV. In certain example embodiments of this invention, the high
work-function layer 3b has a thickness of from about 10-300 A, more preferably from
about 10-100 A. In certain example embodiments of this invention, the wofk function
of layer 3b is higher than that of TCO layer 3a, and is lower or comparable to that of

. the-uppermost portion (e.g., p-type a-Si:H) of the semiconductor film 5.

- [0018] In certain example embodiments of this invention, the overall front

contact 3, including both TCO layers 3a and 3b, may have a sheet resistance (R;) of

from about 7-50 ohms/square, more preferably from about 10-25 ohms/square, and
most preferably from about 10-15 ohms/square. using a reference example.hon- .

limiting overall thickness of from about 1,000 to 2,000 angstroms.

[0019] The active semiconductor region or film 5 may include one or more
layers, and may be of any suitable materiai. For example, the active semiconductor
film 5 of one type of single junction amorphous silicon (a-Si) photovoltaic device
includes three semiconductor layers, namely a p-layer, an n-layer and an i-layer. The
p-type a-Si layer of the semiconductor filn 5 may be the uppermost portion of the
semiconductor film 5 in certain example embodiments of this invention; and the i-
layer is typically loqated between the p and n-~type layers. These amorphous silicon .
based layers of film 5 may be of hydrogenated amorphous silicon in certain instances,
but may also be of or include hydrogenated amorphous silicon carbon or

hydrogenated amorphous silicon germanium, or other suitable material(s) in certain

6
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example embodiments of this invention. It is possible for the active fegion 5 to be of

a double-junction type in alternative embodiments of this invention.

[0020] Back contact or electrode 7 may be of any suitable electrically
conductive material. For example and without lirﬁitation, the back contact or
electrode 7 may be of a TCO and/or a metal in certain instances. Example TCO
materials for use as back contact or electrode 7 include indium zinc oxide, indium-tin-
oxide (ITO), tin oxide, and/or zinc oxi&e which may be doped with aluminum (which
may or may not be doped with silver). The TCO of the back contact 7 may be of the
single layer type or a multi-layer type in different instances. Moreover, the back
contact 7 may include both a TCO portion and a metal portion in certain instances.
For example, in an example multi-layer embodiment, the TCO portion of the back
contact 7 may include a layer of a material such as indium zinc oxide (which may or
may not be doped with silver), indium-tin-oxide (ITO), tin oxide, and/or zinc oxide
closest to the active region 5, and the back contact may include another.conductive
and possibly reflective layer of a material such as siIVef, molybdenum, platinum,
steel, iron, niobium, titanium, chromium, bismuth, antimony, or aluminum further
from the active region 5 and closer to the superstrate 11. The metal portion may be

closer to superstrate 11 compared to the TCO portion of the back contact 7.

[0021] The photovoltaic module may be encapsulated or partially covered
with an encépsul»ating material such as encapsulant 9 in certain example
embodiments. An example ¢ncépsulant or adhesive for layer 9 is EVA. However,
other materials such as Tedlar type plastic, Nuvasil 'type plastic, Tefzel'type plastic or

the like may instead be used for layer 9 in different instances.

‘[0022] TCO materials typically used as front contacts in thin-film
photovoltaic devices (e.g., solar cells) are often n-type, and thus create a Schottky
barrier at the interface between the TCO and the uppermost semiconductor portion of
the device which may be a p-type-a-Si:H portion/layer (such a Schottky barrier may
‘be in a reverse direction to the built-in field). This barrier is problematic in that it can
form a barrier for holes extracted from the cell by the front contact thereby leading to
inefficient performance of the device. In order to overcome this problem, a material '

with a higher work function is used.
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[0023] Fig. 2 summarizes the band and Fermi level positions of common TCO
materials and p-type a-Si:H with respect to vacuum level ﬁnd a normal hydrogen
electrode (NHE). Al doped zinc oxide (ZnO:Al) has been considered as a TCO for a
single.film front contact for a-Si:H solar cells due to its low cost, high conductivity
and high degree of transparency. However, there may be a reduced fill factor of solar
cells with single layer front contacts of Al-doped zinc oxide due to the formation of

. rectifying contact between p-type a-Si:H and n-type Al-doped zinc oxide. Also, high
recombination losses compared to fluorine-doped tin oxide may be ﬁresent in cells

. with single layers of Al-doped zinc oxide for front contacts due to the formation of
Si0; in the transition region. Moreover, the work function of ZnQ:Al is lower than
that of Snog:F, resulting in a higher barric; for holes at the interface between the
ZnO:Al and the a-Si:H, and a wider depletion region in the a-Si:H film.

[0024] Referring to Fig. 2, the work function of indium tin oxide (ITO)
depends on deposition conditions and surface preparation and varies from about 4 to
5.3 eV. When deposited using a ceramic ITO target in a pure Ar gas atmosphere, ITO
films have a small work function of about 4.0 to 4.4 eV, representing a high position
of the Fermi level. Such layers exhibit a high density of surface states. However,
excess oxygen in an ITO film causes charge compensation due to the formation of
neutral [2Sn;,0;] complexes, which results in a lowered position of the Fermi level
and thus higher work-function values of up to about 5.3 eV ‘or so, o-r higher.
However, thé conductivity of ITO decreases with?increased.'oxygen content, and thus
may not be suitable for a single-layer front contact (it also may not be suitable for a
sir_lgle-layér front contact due to its smooth surface which may trap less light and its
high cost). Thus, it will be appreciated that deposition of ITO in an oxygen-rich
manner is advantageous in that a high work functiop can result and the same may be

used for high work function layer 3b in the Fig. 1 photovoltaic device.

[0025] In certain embodiments of this invention, multi-layer front contact 3 is
provided by forming a thin oxygen-rich ITO layer 3b on substrate 1 over and
contacting the bulk high conductivity TCO layer 3a (of or including zinc oxide, tin
oxide, or the like) so as to provide for approximate or more substantial work-function

matching between the front high-conductivity n-type transparent contact 3a and the
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uppermost portion of semiconductor film 5 which may be a p-type a-Si:H absorber

layer or the like.

[0026] In certain example embodiments, the oxygen level gradually increases
from the TCO/ITO interface (interface between layers 3a and 3b) to the ITO/a-Si
interface (interface between layers 3b and 5). In other words, the high work function
layer 3b may be oxidation graded so as to having a higher oxygen content in a portion
thereof immediately adjacent semiconductor film 5 than at a portion thereof adjacent

TCO 3a; this may help improve performance for the reasons discussed herein.
[0027] Fig. 3 is used to illustrate advantages associated with this concept.

[0028] Fig. 3(a) illustrates the relative positions of separated ZnO and a-Si:H
layers; the Fermi level of the a-Si:H is lower than that of the ZnO. When the two
materials are brought into contact, as in conventional solar cells, their Fermi levels
substantially align thereby resulting in a high degree of bending of the conduction and
valence bands as shown in Fig. 3(b). Fig. 3(c) illustrates that a smaller degree of band
bending occurs in the case of an interface between a-Si:H and tin oxide, thereby
showing that such an interface results in slightly better pérformance when tin oxide is
used as a single layer front contact. Figs. 3(d) and 3(e) demonstrate significant band
bending at the contact of p-type a-Si:H and a low work-function ITO, which is
disadvantageous in that it results in the formation of an inverted Schottky Junctron at
this interface which ¢an reduce device efﬁ01ency and/or performance. Thus, it w111 be
.apprecxated from Figs. 3(a)—3(e) that high degrees of band bending are not desirable in

that device performance can be reduced.

[0029] However, as shown in Fig. 3(f), when a high work-function type of
ITO is used, the Fermi level alignment at the interface does not result in a significant
upward move of the conduction and valence bands of the p-type a-Si:H. Depending
on the value of work function, the bands may stéy flat, bend slightly upward, or bend
only slightly as shown in Fig. 3(f), thereby fac1l1tat1ng efficient hole extraction from
the photovoltaic device. ‘

[0030] To demonstrate.the advantage of certain example embodiments of this
invention, Fig. 3(g) illustrates a comparison between (i) 2-Si:H on ZnO as in the prior

art without use of the high work-function layer (see left side of Fig. 3(g)), versus a-
9
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Si:H on ZnO with the high work-function layer 3b therebetween according to certain
embodiments of this invention (see right side of Fig. 3(g)). It can be seen that the
provision of the high work-function layer 3b (e.g., thin layer of oxygen-rich ITO)"
between the zinc oxide TCO 3a and the a-Si:H film 5 is advantageous in that there is
no significant upward move of the conduction and valence bands of the a-Si:H (see
right side of Fig. 3(g)), thereby resulting in improved hole extraction. Thus, the work-
function matching layer 3b reduces band bending at the TCO/a-Si interface, thereby
reducing the potential barrier and enhancing device performance. Moreover, standard
enthalpy of formation for the ITO.is around -900 kJ/mol, which is considerably higher
than that for ZnO (around 348 kJ/mol) and SnO, (around -577.6 kl/mol), thereby
reducing ion exchange between the TCO and a-Si:H layers, which may expléin why

less oxidation occurs at the a-Si interface and improved performance results.

[0031} - While oxygen-rich ITO is used for the high work function layer 3b in
_ certain example embodiments of this invention, this invention is not so limited and
other materials may instead be used for the high work-function TCO layer 3b in
certain instances. Moreover, it is also possible that high work-function layer 3b may

include multiple layers in certain example embodiments of this invention.

[0032] While the invention has been described in connection with what is
presently considered to be the most practical and prcferred. embodiment, it is to be
understood that the invention is not to be limited to the disclosed-embodiment; but on
the éontrary, is intended to cover various modifications and equivalent arrangements

included within the spirit and scope of the appended claims.

10
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CLAIMS

1. A photovoltaic device comprising:

a front glass substrate;

an active semiconductor film;

an electrically conductive and substantially transparent front contact
located between at least the front glass substrate and the semiconductor film;

wherein the front contact comprises (a) a first transparent conductive
oxide (TCO) film having a relatively low work-function and (b) a second TCO film
having a relatively high work-function; and

wherein the second TCO film having the relatively high work-function
which is higher than the work-function of the first TCO film being located between
and contacting the first TCO film and an uppermost portion of the semiconductor
film.

2. The photovéltaic device of claim 1, wherein the second TCO film

having the relatively high work function comprises oxygen-rich indium-tin-oxide
(ITO).

3. The photovéltaic device of claim 1, wherein the first TCO film has a
work-function of no greater than about 4.4 €V, and the second TCO film has a work-
function of at least 4.5 eV. . '

4. The photovoltaic device of claim 1, wherein the second TCO film
having the relatively high work-function has a work-function of from about 4.5 to 5.7
eV,

5. The photovoltaic device of claim 1, wherein the second TCO film
having the relatively high work-function has a'work-function of from about 4.7 to 5.3
ev.

6. The photovoltaic device of claim 1, wherein the first TCO film having

the relatively low work-function comprises one or more of tin oxide and zinc oxide.

7. The photovoltaic device of claim 1, further comprising a back
electrode, wherein the active semiconductor film is provided between at least the front

electrode and the back electrode.
11
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8. The photovoltaic device of claim 1, wherein the second TCO film
having the relatively high work-function is from about 10-100 A thick.

0. The photovoltaic device of claim 1, wherein the second TCO film
having the relatively high work-function is oxidation graded, continuously or
discontinuously, so as to have a higher oxygen content adjacent the semiconductor
' film than adjacent the first TCO film.

10. A front contact adapted for use in a photovoltaic device including an
active semiconductor film, the front contact comprising:
_a front glass substrate;
a first substantially transparent conductive oxide (TCO) film;
a second substantially transparent conductive oxide (TCO) film having
a high work-function, wherein the work-function of the second TCO film is higher
than that of the first TCO film; and
wherein the first TCO film is lpcated between the glass substrate and
the second TCO film, so that the second TCO film having the-high work-function is
adapted to be located between and contacting the first TCO film and an uppermost

portion of the semiconductor film of the photovoltaic device.

11.  The front contact of claim 10, wherein the second TCO film comprises

E bxygen—rich indium-tin-oxide (ITO). .-

12. The front contact of claim 10, wherein the first TCO film has a work-
function of no greater than 4.4 €V, and the second TCO film has a work-function of at
least 4.5 eV.

13.  The front contact of claim 10, wherein the second TCO film has a
work-function of from about 4.5 to 5.7 eV.

14. The front contact of claim 10, wherein the second TCO film has a
work-function of from about 4.7 to 5.3 eV.

15. The front contact of claim 10, wherein the first TCO film comprises

one or more of tin oxide and zinc oxide.

16. The front contact of claim 10, wherein the second TCO film is from

about 10-100 A thick.
12
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17.  The front contact of claim 10, wherein the second TCO film having the
high work-function is oxidation graded, continuously or discontinuously, so as to
have a higher oxygen content at a first side thereof adapted to be positioned adjacent

the semiconductor film, than adjacent the first TCO film.

18. A method of making a photovoltaic device, the method comprising:
providing a glass substrate; ‘
depositing a first substantially transparent conductive oxide (TCO)
film on the glass substrate;

depositing a second substantially transparent conductive oxide (TCO)
film having a relatively high work-function on the glass substrate over and contacting
the first TCO film, wherein the second TCO film has a higher work~function than
does the first TCO film; and

forming the photovoltaic device so that the second TCO film having
the relatively high work-function is sandwiched between and contacts éach of the first

TCO film and a semiconductor film of the photovoltaic device.

19.  The method of claim 18, wherein the second TCO film comprises

oxygen-nch 1nd1um~t1n—ox1de (ITO).

20.' " The method of claim 18, wherein the first TCO film has a work-

function of no greater than 4.4 eV, and the second TCO film has a work-function of at
least 4.5 eV.

21. The method of claim 18, wherein the second TCO film has a work-
function of from about 4.5 to 5.7 eV.

22. The method of claim 18, wherein each of said depositing steps

comprises sputtering.

13
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