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After the etching, most or all of the better quality ceramic-deposited TCO remains whereas much of the lesser quality metallic-de-
posited TCO of'the film was removed during the etching process.
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TITLE OF THE INVENTION

METHOD OF MAKING FRONT ELECTRODE OF PHOTOVOLTAIC
DEVICE HAVING ETCHED SURFACE AND CORRESPONDING
| PHOTOVOLTAIC DEVICE

{0001} Certain example embodiments of this mvention relate to a photovoljiaic
(PV) device inciuding an electrode such as a front electrode/contact and a method of
making the same. In certain example embodiments, the front electrode has a textured
(e.g., etched) surface that faces the photovoltaic semiconducior film of the PV device.
In certain example embodiments, the front electrode is formed on a flat or
substantially flat (non-textured) surface of a glass substrate, and after formation of the
front electrode the surface of the front electrode is textured (e.g., via etching). In
certain example embodiments, the front electrode comprises a transparent conductive
oxide (TCO) film having first and second layers of the same material (e.g., zinc oxide,
zinc aluminum oxide, indium-tin-oxide, or tin oxide), where the first TCO layer 1s
sputter-deposited using a ceramic sputtering target(s) and the second TCO layer of the
same material is sputter-deposited using a metallic or substantially metallic sputtering
target(s). This allows the better quality TCO of the film, deposited more slowly via
the ceramic target(s), to be formed using the ceramic target and the lesser quality
TCO of the film to be deposited more quickly and cost effectively via the metallic
target(s). After the etching, most or all of the better quality ceramic-deposited TCO
remains whereas much of the lesser quality metallic-deposited TCO of the film was
removed during the etching process. This allows the TCO of the front electrode to be
formed in a more efficient and cost effective manner, resulting in a better and more
competitive product. In completing manufacture of the PV device, the etched surface

of the front electrode faces the active semiconductor film of the PV device.

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
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example, include a front electrode or contact. Typically, the transparent front
electrode is made of a pyrolytic 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 electrode 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. Typical pyrolitic flucrine-doped tin oxide TCOs as front electrodes
may be about 400 nm thick, which provides for a sheet resistance (R) of about 15
ohms/square. To achieve high output power, a front electrode having a low sheet
resistance and good ohm-contact to the cell top layer, and allowing maximum solar

energy in certain desirable ranges into the absorbing semiconductor film, are desired.

[0003] It would be desirable to provide a technique and structure for
improving the ability of the semiconductor fitm (or absorber) of the photovoltaic (PV)

device to absorb light and thus generate electrical charges,

[0004] Certain example embodiments of this invention relate to a photovoltaic
(PV) device inciuding an electrdde such as a front electrode/contact and a method of

" making the same. In certain example embodiments, the front electrode has a textured
(e.g., etched) surface that faces the photovoltaic semiconductor film of the PV device.
The textured surface of the front electrode, facing the semiconductor absorber film, s
advantageous in that it increases the amount of incoming radiation or solar energy that
is absorbed by the semiconductor film of the PV device. In certain example
embodiments, the front electrode is formed on a flat or substantially flat (non-
textured) surface of a front glass substrate, and after formation of the front electrode
via sputiering or the like, the surface of the front electrode is textured (e.g., via
etching). In completing manufacture of the PV device, the textured (e.g., etched)
surface of the front electrode faces the active semiconductor film (or absorber) of the
PV device.
[6005] The use of a front electrode having a textured surface adjacent the
semiconductor film {or absorber) is advantageous in that it increases the optical path
of incoming solar light within the semiconductor film through light scattering, thereby
increasing the chance for photons to be absorbed in the semiconductor film to

generate electrical charge.
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{0006] In certain example embodiments, the front electrode is of or includes a
transparent conductive oxide (TCO) film having first anéd second layers of the same or
substantially the same material (e.g., zinc oxide, zinc aluminum oxide, indium-tin-
oxide, or {in oxide). The first TCO layer of the front electrode is sputter-deposited
usinhg a ceramic sputtering target(s), and the second TCO layer of the front electrode,
of the same material, 1s sputter-deposited using a metallic of substantially metallic
sputtering target(s). This allows the better quality TCO of the film, deposited more
slowly via the ceramic target(s), to be formed using the ceramic target and the lesser
quality TCO of the front electrode film to be deposited more quickly and cost
effectively via the metallic target(s). After the etching, most or all of the better
quality ceramic-deposited TCO remains whereas much of the lesser quality metallic-
deposited TCO of the film was removed during the etching process and is no longer
present. This allows the TCO of the front electrode to be formed in a more efficient
and cost effective manner, resulting in a better and more competitive product. In
completing manufacture of the PV device, the etched surface of the front electrode
faces the active semiconductor film of the PV device.,

10007] In certain example embodiments of this invention, the front electrode
of a photovoltaic device is comprised of a multilayer coating including at least one
conductive substantially metallic IR reflecting layer (e.g., based on silver, gold, or the
like), and at least one transparent conductive oxide (TCO) layer (e.g., of or including
a material suck as zinc oxide or the like). In the PV device, the TCO is provided
between the semiconductor film and the substantially metallic IR reflecting layer.
The surface of the TCO layer may be etched to provide a textured or etched surface
facing the semiconductor film. In other example embodiments, the front electrode
may consist essentially of the TCO film having a first TCO layer and a second TCO
layer of the same or substantially the same material, with a substantial part of the
second TCO layer (but little or none of the first TCO layer) having been removed

during the etching process.

{0008} In certain example embodiments of this invention, a multilayer front
electrode coating may be designed to realize one or more of the following
advantageous features: (a) reduced sheet resistance (R} and thus increased

conductivity and improved overall photovoltaic module output power; (b) increased
3
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reflection of infrared (IR) radiation thereby reducing the operating temperature of the
photovoltaic module so as to increase module output power; (c) reduced reflection
and increased transmission of light in the region(s) of from about 4506-1,000 nm, 450-
700 nm and/or 450-600 nm which leads to increased photovoltaic module output
power; (d) reduced total thickness of the front electrode coating which can reduce
fabrication costs and/or time; (e) an improved or enlarged process window in forming
the TCO layer(s) because of the reduced impact of the TCO’s conductivity on the
overall electric properties of the module giVen the presence of the highly conductive
substantially metallic layer(s); and/or (f) increased optical path within the '
semiconductor film, due to the etched surface of the front electrode, through light
scattering thereby increasing the chance for photons fo be absorbed in the
semiconductor film and through light trapping between the reflective metal back
electrode(s) by multiple intermnal reflections so as to generate additional electrical

charge.

[0009] In certain example embodiments of this invention, there is provided a
method of making an eiectrode for a photovoltaic device, the method comprising:
sputter-depositing a first transparent conductive oxide layer on a substrate using at
least one ceramic sputtering target; sputter-depositing a second transparent conductive
oxide layer using at least one metallic sputtering target to form a transparent
conductive oxide film comprising the first and second transparent conductive oxide
layers, wherein the second transparent conductive oxide layer directly contacts the
first transparent conductive oxide layer and is of the same metal oxide material as the
first transparent conductive oxide layer; and after said sputter-depositing steps,
etching the transparent conductive oxide film to form a textured surface, wherein a
 substantial portion of the second transparent conductive oxide layer is removed during
said etching and a majority of said first transparent conductive oxide layer remains

after said etching,

[0010] In other example embodiments, there is provided a photovoltaic device
comprising: a front glass substrate; a front electrode provided between the front glass
subsirate and a semiconductor film of the photovoltaic device, wherein the front

electrode comprises a transparent conductive oxide (TCO) film comprising first and

4



WO 2010/045041 PCT/US2009/059478

second TCO layers of the same TCO metal oxide material which directly contact each
other, the first TCO layer being more dense than the second TCO layer of the same
TCO material; wherein 2 major surface of the TCO film layer closest to a
semiconductor film of the photovoltaic device is etched so as to be textured, and
wherein the second TCO layer is closest to the semiconductor film and is

discontinuous due to the etching.

BRIEF DESCRIPTION OF THE DRAWINGS

{6011} FIGURE 1 is a cross sectional view of an example photovoltaic device

according to an example embodiment of this invention.

[0012] FIGURE 2 is a cross sectional view of an example photovoltaic device

according to another example embodiment of this invention.

[0013] - FIGURE 3 is a cross sectional view of an example photovoltaic device

according to another example embodiment of this invention.

[0014] FIGURE 4 is a schematic diagram illustrating how a TCO film of the
front electrode may be made according to any of the Fig. -3 embodiments of this

invention, according to an example embodiment of this invention.

[0015] FIGURE 5 1s a flowchart i]lustrating certain steps performed in making
a photovoltaic device, or a front electrode for such a photovoltaic device, according to

an example embodiment of this invention.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS OF THE
INVENTION '

f0016] Referring now more particularly to the figures in which like reference

nurnerals refer to like parts/layers in the several views,

[0017] Certain embodiments of this invention relate to a front electrode 3 for
use in a photovoltaic (PV) device. The front electrode 3 may take various forms. In
one example embodiment, as shown in Figs. 1-2, the front electrode 3 comprises a

silver-based transparent conductive coating (TCC) which has a TCO filim 4e adapted

5
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to face the semiconductor film 5 of the PV device, where the TCO film 4e of the front
electrode has a textured surface 6. In other example embodimenté, as shown in Fig. 3
for example, the front electrode 3 may consist essentially of the TCO film 4e having a
first TCO layer 4el and a second TCO layer 4¢2 of the same or substantiaily the same
material. In the Fig. 1-3 embodiments, a substantial part of the second TCO layer 4e2
(but little or none of the first TCO layer 4e1) of the front electrode 3 is removed
during the etching process. The front electrode 3 may be used, for example, in
amorphous silicon (a-Si) based photovoltaic modules. The front electrode can be
deposited by sputtering techniques at room temperature in architectural coaters. The
surface of the front electrode is textured by exposure to a mild etchant or the like,
which does not substantially change the sheet resistance of the TCC in certain

example embodiments.

[¢018] In certain example embodiments (e.g., see Figs. 1-3), the front
electrode 1s of or includes a transparent conductive oxide (TCO) film (4e, which is the
combination of 4el and 4e2) having first and second layers (4el and 4e2) of the same
or substantially the same material (e.g., zinc oxide, zinc aluminum oxide, indjum-tin-
oxide, or tin oxide). The first TCO layer 4¢l of the front electrode is sputter-
deposited using a ceramic sputtering target(s), and the second TCO laver 4e2 of the
front electrode, of the same material, is sputter-deposited using a metallic or
substantially metallic sputtering target(s). This allows the better quality TCO 4el of
the film, deposited more slowly via the ceramic target(s), to be formed using the
ceramic target and the lesser quality TCO 4e2 of the front electrode film to be
deposited more quickly and cost effectively via the metallic target(s). Because a
ceramic target is used to form ia&er del, layer 4el may be more dense than layer 4¢2
which is formed using a metallic target. After the etching, most or all of the better
quality ceramic-deposited TCO 4el remains whereas much of the lesser quality
metallic-deposited TCO 4e2 of the film was removed during the etching process and
is no longer present. This allows the TCO of the front electrode 3 to be formed in a
' more efficient and cost effeétive manner, resulting in a better and more competitive
product. In completing manufacture of the PV device, the etched surface 6 of the

front electrode 3 faces the active semiconductor film 5 of the PV device.



WO 2010/045041 PCT/US2009/059478

0019} Acid-etching of TCOs is employed for single-junction and tandem a-Si
solar cells in order to scatter the transmitted light to shallow (to the substrate) angles.
The resulting effect is the increased optical path of light waves, which in turn
improves the charge carrier generation within the semiconductor absorber 5. Etch-
texturing of ZnO: Al or other TCO is thought to be a better alternative to atmospheric
CVD deposition of material such as F-doped tin oxide which is naturally textured in

the form of pyramids.

[0020} Referring to the TCO films 4e of the front electrodes of Figs. 1-3,
ZnQO:Al (or other TCO) layers can be sputter deposited at approximately room
temperature from either ceramic ZnO:Al or metallic Zn:Al sputtering targets (e.g.,
rotating magnetron type sputtering targets). The ceramic targets result in a better
quality and more etchable film, whereas the metallic targets offer higher line speed
and thus lower production costs. During the texturing process, a considerable portion
of the ZnO: Al film gets etched away, wile facilitating the formation of textured
features (peaks/valleys, or hills and craters) in the lower portion of the film 4el (the
“lower portion” or “lower layer” or “first layer” means the portion or layer of the film
ciosest to the glass substrate 1 on which the TCO film was sputter-deposited). The

~ deposition of the lower or first layer of ZnO:Al 4el using a ceramic target and the top
or second layer of ZnO:Al 4¢2 using a metallic target has been found to be
particularly advantageous. In this respect, the TCO film has two immediately
adjacent layers (4el and 4e2) of the same or substantially the same material (e.g.,
ZnO:Al). The bottom layer 4el, which remains in whole or in large part after the
etching of the top or second layer 4e2, is responsible for optimized opto-¢lectrical
properties of the TCO film 4e. The top low-cost layer 4e2 1s removed, in part or
entirely, during the etching process. As a result, the cost of the process is reduced due

to significantly higher line speed of deposition of the second TCO layer 4e2.

10621} Photovoltaic devices such as solar cells convert solar radiation into
usabie 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 5 (e.g., a

semiconductor film including one or more semiconductor layers such as a-Si layers,

.
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the semiconductor sometimes being called an absorbing layer or film) generates
electron-hole pairs in the active region. The electrons and holes may be separated by
an electric field of a junction in the photovoltaic device. The separation 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
S@lnicona.uctor material having n-type conductivity, and holes flow toward the region
of the semiconductor having p-type conductivity. Current can flow through an
external circuit connecting the n-type region to the p-type region as light continues to

generate electron-hole pairs in the photovoltaic device.

[6622] In certain example embodiments, 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 alse be of or include hydrogenated
amorphous silicon carbon or hydrogenated amorphous silicon germanium,
microcrystalline silicon, or the like, in certain example embodiments of this invention.
For example 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 can provide power for electrical components. It is 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, single or tandem thin-film
solar cells, CdS and/or CdTe (including CAS/CdTe) photovoltaic devices, polysilicon
and/or microcrystalline Si photovoltaic devices, and the like. This invention may be
applicable especially to a-Si single junction and micromorph solar cell modules in

certain example embodiments.

[0023] Referring to Figs. 1-3, certain example embodiments of this invention

relate to a photovoltaic (PV) device including an electrode such as a front
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electrode/contact 3 and a method of making the same. In certain example
embodiments, the front electrode 3 has a textured {e.g., etched) surface 6 that faces
the photovoltaic semiconductor film 5 of the PV device. The textured surface 6 of the
front electrode 3, facing the semiconductor absorber film 5, is advantageous in that it
increases the amount of incoming radiation or solar energy that is absorbed by the
semiconductor film 5 of the PV device. In certain example embodiments, the front
electrode 3 (e.g., by sputtering at about room temperature) is formed on a flat or
substantially flat (non-textured) surface of a front glass substrate 1, and after
formation of the front electrode 3 via sputtering at room temperature or the like, the
surface of the front electrode is textured (e.g., via etching}. In completing
manufacture of the PV device, the textured (e.g., etched) surface 6 of the front
electrode 3 faces the active semiconductor film (or absorber) 5 of the PV device. The
use of a front electrode 3 having a textured surface 6 adjacent the semiconductor film
(or absorber) 5 1s advantageous in that it increases the optiéal path of incoming solar
light within the semiconductor film 5 through light scattering and light trapping
between the front and back electrodes, thereby increasing the chance for photons to be
absorbed in the semiconductor film 5 to generate electrical charge.

(0024} In certain example embodiments of this invention, the front electrode 3
{or TCC) may be baked (or heat ireated) prior to the texturing (e.g., etching). This
heat treating helps denstfy the TCO 4e of the front electrode to be etched, thereby
permitting a more uniform and predictable texturing to be achieved. Moreover, the
more dense film caused by the baking/heating is less permeable to etchant(s) used in
etching the TCO 4e, so as to reduce the chance of etchant(s) reaching and damaging
other parts of the front electrode 3. As a result, overall performance of the resulting
PV device can be achieved. In certain example embodiments of this invention, a thin
buffer 4¢’ (e.g., see Fig. 2) may be provided adjacent the TCO 4e of the front
electrode 3. The thin buffer 4¢’ can render the front electrode 3 less permeable to
etchant(s) used in etching the TCO 4e, so as o reduce the chance of etchant reaching
and damaging other parts of the front electrode such as a silver based layer 4c. Asa
result, overail performance of the resulting PV device can be achieved, without
permitting the front electrode 3 to be undesirably damaged by the etchant(s). In

certain example embodiments, the TCO 4e is at least moderately conductive (e.g., < 1

9



WO 2010/045041 PCT/US2009/059478

kohmem) to provide a conductive path to the silver 4c for the photocurrent generated
in the semiconductor film 3.

[0025] In certain example embodiments of this invention (e.g., see Fig. 1), the
front electrode 3 of a photovoltaic device is comprised of a multilayer coating
mecluding at least one conductive substantially metallic ‘IR refiecting layer (e.g., based
on silver, gold, or the like) 4¢, and at least one transparent conductive oxide (TCO)
film (e.g., of or including a material such as zinc oxide or the like, or one or multiple
layers 4el, 4e2) 4e. In the PV device of Fig. 1, the TCO film 4e (the combination of
layers 4el and 4e2 in Fig. 1) is provided between the semiconductor film 5 and the
substantially metallic IR reflecting layer 4c. In certain example instances, the
multilayer front electrode coating may include a plurality of TCO layers and/or a
plurality of conductive substantially metatlic IR reflecting layers 4¢ arranged in an
alternating manner in order to provide for reduced visible light reflections, increased
conductivity, increased IR reflection capability, and so forth. In certain example
embodiments of this invention, a multilayer front electrode coating (e.g., see 3) may
be designed to realize one or more of the following advantageous features: (a)
reduced sheet resistance (R} and thus increased conductivity and tmproved overall
photovoltaic module output power; (b) increased reflection of infrared (IR) radiation
thereby reducing the operating temperature of the photovoltaic module so as to
increase module output power; (¢) reduced reflection and increased transmission of
light 1n the region(s) of from about 450-700 nm and/or 450-600 nm which leads to
increased photovoltaic module output power; (d) reduced total thickness of the front
electrode coating which can reduce fabrication costs and/or time; (€) an improved or
enlarged process window in: forming the TCO layer(s) because of the reduced impact
of the TCO’s conductivity on the overall electric properties of the module given the
presence of the highly conductive substantially metallic layer(s); and/or (f) increased
optical path within the semiconductor film, due to the etched surface 6 of the front
¢lectrode 3, through light scattering thereby increasing the chance for photons to be

absorbed in the semiconductor film se as to generate additional electrical charge.

[0026] Fig. 1 1s a cross sectional view of a photovoltaic device according to an
example embodiment of this invention, including a multi-layer front electrode 3. The

photovoltaic device includes transparent front glass substrate 1 (other suitable
10
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material may also be used for the substrate instead of glass in certain instances),
optional dielectric layer(s) 2 (e.g., of or including one or more of silicon oxide, silicon
oxynitride, silicon nitride, titanium oxide, niobium oxide, and/or the like) which may
function as a sodium barrier for blocking sodium from migrating out of the front glass
substrate 1, seed layer 4b {e.g., of or including zinc oxide, zinc aluminum oxide, tin
oxide, tin antimony oxide, indium zinc oxide, or the like) which may be a TCO or
dielectric in different example embodiments, silver based infrared (IR) reflecting
layer 4c¢, optional overcoat or contact layer 4d (e.g., of or including NiCr, and/or an
oxide of Ni and/or Cr, zinc oxide, zinc aluminum oxide, or the like) which may be a
TCO, TCO film 4e (e.g., of or including zinc oxide, zinc aluminum oxide, tin oxide,
tin antimony oxide, zinc tin oxide, indium tin oxide (ITO), indium zinc oxide, or the
like), semiconductor film 5 (e.g., CdS/CdTe, a-Si, or the like), optional back contact,
reflector and/or electrode 7 which may be of a TCO or a metal, optional adhesive 9 or
adhesive of a material such as ethyl vinyl acetate (EVA) or the like, and optional back
glass substrate 11. Semiconductor absorbing film 5 may be made up of one or more
la'yers in different example embodiments, and may be for example pin, pn, pinpin
tandem layer stacks, or the like. Of course, other layer(s) which are not shown may

also be provided in the PV device of Fig. 1.

[0027] Front glass substrate 1 and/or rear superstrate (substrate) 11 may be
made of soda-lime-silica based glass in certain example embodiments of this
invention; and it may have low iron content and/or an antireflection coating thereon to
optimize transmission in certain example instances. The surface (interior surface) of
the glass substrate | facing the semiconductor 5 and the front electrode 3 is preferably
flat or substantially flat/smooth in certain example embodiments of this invention. In
other words, the interior surface of the front glass substrate 1 on which the front
electrode 3 is formed is preferably non-textured. Thus, layers 2, 4b and 4¢ (and
possibly 4d) are also preferably non-textured so that each of their respective surfaces
(both major surfaces of each) are flat or substantially smooth (non-textured) in certain
exampie embodiments of this invention. Moreover, the surface of TCO 4e closest to
the front glass substrate 1 is non-textured (or smooth/flat) in certain preferred
embodiments, whereas the opposite surface 6 of the TCO 4e facing the semiconductor

5 15 textured (e.g., etched) as discussed herein.
11
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[0628] While substrates 1, 11 may be of glass in certain example
embodiments of this invention, other materials such as quartz, plastics or the like may
instead be used for substrate(s) 1 and/or 11. Moreover, superstrate 11 is optiona! in
certain instances. Glass 1 and/or 11 may or may not be thermally tempered in certain
example embodiments of this mvention. Optionally, an antireflective (AR) film (not
shown) may be provided on the lightincident or exterior surface of the front glass
substrate 1. Additionally, it will be appreciated that the word "on" as used herein
covers both a layer being directly on and indirectly on something; with other layers

possibly being located therebetween.

[0029] Diéiectric layer(s) 2 may be of any substantially transparent material
such as a metal oxide and/or nitride which has a refractive index of from about 1.5 to
2.5, more preferably from about 1.6 to 2.5, more preferably from about 1.6 t0 2.2,
more preferably from about 1.6 to 2.0, and most preferably from about 1.6 to 1.8.
However, in certain situations, the dielectric layer 2 may have a refractive index (n) of
from about 2.3 to 2.5. Example materials for dielectric layer 2 include silicon oxide,
stlicon nitride, silicon oxynitride, zinc oxide, tin oxide, titanium oxide (e.g., TiO,),
aluminum oxynitride, aluminum oxide, or mixtures thereof. Dielectric layer(s) 2
functions as a barrier layer in certain exampie embodiments of this invention, to
reduce materials such as sodium from migrating cutwardly from the glass substrate 1
“and reaching the IR reflecting layer(s) 4c and/or semiconductor 5. Moreover,
dielectric layer 2 1s material having a refractive index (n) in the range discussed
above, in order to reduce visible light reflection and thus increase transmission of
visible light (e.g., light from about 450-700 nm and/or 450-600 nm} through the
coating and into the semiconductor 5 which leads to increased photovoltaic module
output power. In certain example embodiments, the dielectric layer 2 may be
composed of one, two or more layers of dielectric layer (e.g., a silicon nitride based

layer and a titanium oxide based layer)

[6630] Multilayer front electrode 3 (or TCC) in the Fig. 1 embodiment, which
is provided for purposes of example only and is not intended to be limiting, includes
from the glass substrate 1 outwardly (possibly over dielectric layer{s) 2) first

transparent conductive oxide (TCO} or dielectric layer 4b {e.g., of or including zinc
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oxide), first conductive substantially metallic IR reflecting layer 4c¢ {e.g., of or
including silver and/or gold), optional overcoat 4d of NiCr, NiCrO, or the like, and
TCO film 4e (e.g., of or including zinc oxide, indivm-tin-oxide (ITO}, or the like).
This multilayer film 3 makes up the front electrode in certain example embodiments
of this invention. Of course, it 1s possible for certain layers of electrode 3 to be
removed in certain alternative embodiments of this invention, and it is also possible
for additional layers to be provided in the multilayer electrode 3 (e.g., an additional
silver based layer 4c may be provided, with a TCO such as zinc oxide or ITO being
provided between the two silver based IR reflecting layers 4c¢). Front electrode 3 may
be continuous across all or a substantial portion of front glass substrate 1, or
alternatively may be patterned into a desired design (e.g., stripes), in different
example embodiments of this invention. Each of layers/films 1-4 is substantially
transparent in certain example embodiments of this invention. The surface 6 of TCO
film 4e facing the semiconductor 5 is etched as discussed herein, in order to provide

for improved characteristics of the PV device.

[06031] IR reflecting layer(s) 4c may be of or based on any suitabie IR
reflecting material such as silver, gold, or the like. These materials reflect significant
amounts of IR radiation, thereby reducing the amount of IR which reaches the
semiconductor film 5. Since IR increases the temperature of the device, the reduction
of the amount of IR radiation reaching the semiconductor film 3 is advantageous in
that it reduces the operating temperature of the photovoltaic module so as o increase
module output power. Moreover, the highly conductive nature of these substantially
metallic layer(s) 4c permits the conductivity of the overall front electrode 3 to be
increased. In certain example embodiments of this invention, the muitilayer electrode
3 has a sheet resistance of less than or equal to about 18 ohms/square, more preferably
less than or equal to about 14 ohms/square, and even more preferably less than or
equal to about 12 ohms/square. Again, the increased conductivity (same as reduced
sheet resistance) increases the overall photovoltaic module output power, by reducing
resistive losses in the lateral direction in which current flows to be collected at the
edge of cell segments. It is noted that first (and possibly a second) conductive
substantially metallic IR reflecting layer 4c (as well as the other layers of the

electrode 3) are thin enough so as to be substantially transparent to visible light. In
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certain exampie embodiments of this invention, substantially metallic IR reflecting
layer 4c¢ is from about 3 to 18 nm thick, more preferably from about 5 to 10 nm thick,
-and most preferably from about 5 to & nm thick. These thicknesses are desirable in
that they permit the layer 4c to reflect significant amounts of IR radiation, while at the
same time being substantially transparent to visible radiation which is permitted to
reach the semiconductor 5 to be transformed by the photovoltaic device into electrical
energy. The highly conductive IR reflecting layer 4cs attribute to the overall
conductivity of the electrode 3 more than the TCO layer(s); this allows for expansion
of the process window(s) of the TCO layer(s) which has a limited window area to
achieve both high conductivity and transparency. Seed layer 4b (e.g., of or including
ZnO and/or ZnO:Al) is provided for supporting and allowing better crystallinity of the
Agbased layer 4c. The overcoat or thin capping layer 4d may be provided over and

contacting the silver based layer 4c, for improving the stability of the silver.

[0032] TCO film 4e may be of any suitable TCO material including but not
lirnited to conducive forms of zinc oxide, zinc aluminum 6xide, tin oxide, indium-tin-
oxide (ITO), indiom zinc oxide (which may or may not be doped with silver), or the
like. TCO film 4e provides for better coupling-in of incoming solar light with the PV
device, improves contact properties of the stack, and allows for good mechanical and
chemical durability of the coating during shipping and/or processing. This TCO film
4e 1s typically substoichiometric so as to render it conductive. For example, film 4e
may be made of material(s) which gives it a resistance of no more than about 10 ohm-
cm (more preferably no more than about 1 ohm-cm, and most preferably no more than
about 20 mohm-cm). TCO 4e may be doped with other materials such as fluorine,
aluminmum, antimony or the like In certain example instances, so long as it remains
conductive and substantially transparent to visible light. In certain example
embodiments of this invention, the TCO filin 4e includes first and second layers (4el
and 4e2, respectively) of the same or substantially the same material (see the example
matertals which may be used, above in this paragraph for instance). The first layer
4el 1s sputter-deposited using one or more ceramic target(s), and the second layer 4e2
of the TCO film 4e is sputter-deposited using one or more metallic or substantially

metallic target(s). This ensures the desired properties of the textured surface 6.

14



WO 2010/045041 PCT/US2009/059478

10033} in the Fig. 1 example embodiment, the thickness of the first TCO layer
4el (e.g., for a monolithic ZnO:Al TCO film 4e) may be from about 50-300 nm, more
preferably from about 75-200 nm, with an example being about 100 nm. In the Fig, 1
embodiment, the thickness of the second TCO layer 42 may be from about 50-300
nm, more preferably from about 75-200 nm. The TCO layers 4el and 4e2 may be
sputter-deposited at substrate temperatures ranging from room temperature to about
350 degrees C in various embodiments. The first layer 4el, deposited via ceramic
target(s), may be deposited with no or little oxygen gas present, while the second
iéyer 4e2, deposited via the metallic target(s), may be-deposited using a reactive
sputtering process in the presence or significant oxygen gas. Inert gas (e.g., Ar) may
be present in both the sputtering of layers 4el and 4e2. More oxygen gas is used in
sputtering layer 4e2 than layer 4e2. For example, at least about twice as much (more
preferably at least about 3 or 4 times as much) oxygen gas may be present in the
sputtering of layer 4e2 than is present for the sputter-depositing of layer 4e¢1. Both
TCO layers 4el and 4e2 may have a refractive index (n) of from about 1.9t0 2.1 in
certain example embodiments. During etching, all or much of layer 4e2 is removed,
leaving the structure of the TCO film shown in Fig. 1 (or Figs. 2-3) for use in the PV

device.

[0034] The surface of the TCO film 4e (after sputter-depositing of layers 4el
and 4e2) is etched (e.g., using an etchant(s) such as acetic acid, HF acid, HBr acid,
NH3FL or the like - any of which may be mixed with water or the like) to provided
etched surface 6, and then the structure including substrate 1 and etched front
electrode 3 1s coupled with the rest of the device in order to form the photovoltaic
device shown in Fig. 1 (or Figs. 2-3). An example of etching solution that may be
used for the etching is a mixture of or including vinegar and water. For example, the
semiconductor layer 5 may then be formed over the etched front electrode on
substrate 1 so as to be adjacent etched surface 6 of the front electrode 3, and then
encapsulated by the substrate 11 via an adhesive 9 such as EVA. See Figs. 1-3 for
example. For exampie, the stack for the front electrode 3 (including film 4€) can be
exposed to a mild etchant such as dituted HCI (hydrochioric acid) or diluted
CH3COOH (acetic acid) for several seconds to several minutes. The acid

preferentially etches the surface of the TCO 4e (most or all of layer 4e2) to create a
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surface texture on surface 6 suitable for light trapping in amorphous silicon
photovoltaic modules and the like. Preferably the angle of the texture (the average
angle at which the peaks and/or valleys of the etched surface are provided) is from
about 20-45 degrees (e.g., about 30 degrees) with respect to the horizontal. Moreover,
the average surface roughness (RMS roughness - the square root of the arithmetic
mean of the squares of the feature height) of etched surface 6 is from about 10-50 nm,
more preferably from about 15-40 nm, and most preferably from about 20-30 nm.
The peaks/valleys on etched surface 6 have an average depth from about 0.05 10 0.5
um in certain example embodiments. Haze may be from about 6 to 20 %, more
preferably from about 10-15%, after the etching in certain example embodiments.
Note that the haze is the haze of the front glass substrate coated with the etched TCC
(not with the semiconductor on it). The above examples are non-limiting. Other mild
etchants, including acids and base solutions, that do not to attack the silver 4c under
the TCO overcoat 4e may also be used. Other metal oxides (tin oxide, ITO, etc.) may
also be used as the TCO 4e. When stronger etchants are used, intermediate layer(s)
(e.g., tin oxide) (e.g., see buffer layer 4¢’ in Fig. 2) as etch stop to protect silver 4¢
may be provided. For example, tin oxide can be more resistant to acid etching than
ZnO and ITO. In other words, in such alternatively, the Ag based layer 4¢ may be
coated first by an etch-resistant thin buffer layer (e.g., tin oxide or other moderately
conductive transparent oxide such as layer 4¢’ in Fig. 2), followed by the TCO 4e
such as ZnO:AL

[0035] The active semiconductor region or film 5 may include one or more
layers, and may be of any suitable material, For example,Athe 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 film 5 may be the uppermost portion of the
semiconductor film 5 in certain example embodiments of this invention; and the i-
layer is typically located 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
hydregenated amorphous silicon germanium, hydrogenated microcrystalline silicon,

or other suitable material(s) in certain example embodiments of this invention. It is
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possible for the active region 5 to be of a double-junction or triple-junction type in
alternative embodiments of this invention. CdTe may also be used for semiconductor

film 5 1n altemative embodiments of this invention.

10036} Back contact, reflector and/or electrode 7 may be of any suitable
electrically conductive material. For example and without limitation, 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 oxide 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 zine 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 silver, 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.

100371 The photovoltaic module may be encapsulated or partially covered
with an encapsulating material such as encapsulant 9 in certain example
embodiments. An example encapsulant or adhesive for layer 9 1s EVA or PVB.
However, other materials such as Tedlar type plastic, Nuvaéil type plastic, Tefzel type

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

[0038] While the electrode 3 is used as a front electrode in a photovoltaic
(PV) device in certain embodiments of this invention described and illustrated herein,
it is also possible to use the electrode 3 as another electrode in the context of a

photovoltaic device or otherwise.

[0039] For purposes of example only, an example of the Fig. I embodiment is
as follows (note that certain optional layers shown in Fig. 1 are not used in this
example). For example, referring to Fig. 1, front glass substrate 1 (e.g., about 3.2 mm
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thick), dielectric layer 2 (e.g., silicon oxynitride about 20 nm thick possibly followed
by dielectric TiOx about 20 nin thick), Ag seed layer 4b (e.g., dielectric or TCO zinc
oxide or zinc aluminum oxide about 10 nm thick), IR reflecting layer 4c (silver about
5-8 nm thick}, optional overcoat of or including NiCr and/or NiCrO, 4d, and TCO
film 4e. The TCO 4 is etched to provide textured or etched surface 6. The
photovoltaic device of Fig. 1 (or any other embodiment herein) may have a sheet
resistance of no greater than about 18 ohms/square, more preferably no grater than
about 14 ohms/square, even more preferably no greater than about 12 ohms/square in
certain example embodiments of this invention. Moreover, the Fig. 1 embodiment (or
any other embodiment herein) may have tailored transmission spectra having more
than 80% transmission into the semiconductor 5 in part or all of the wavelength range
of from about 450-600 nm and/or 450-700 nm, where AM1.5 may have the strongest
intensity and in certain example instances the cell may have the highest or

substantially the highest quantum efficiency.

[0040] For purposes of example only, another example of the Fig, 1
embodiment is as follows. The photovoltaic device may include: optional
antireflective (AR) layer 1a on the light incident side of the front glass substirate 1,
first dielectric layer 2 of or including one or more of silicon nitride (e.g., Si;Ng or
other suitable stoichiometry), silicon oxyniiride, silicon oxide (e.g., Si0; or other
suitable stoichiometry), and/or tin oxide (e.g., SnO; or other suitable stoichiometry);
seed layer 2 (which may be a dielectric or a TCO) of or including zinc oxide, zinc
aluminum oxide, tin oxide, tin antimony oxide, indium zinc oxide, or the like;
conductive silver based IR reflecting layer 4¢; overcoat or contact laver 4d (which
may be a dielectric or conductive) of or including an oxide of Ni and/or Cr, NiCr, Ti,
an oxide of T, zinc aluminum oxide, or the like; and TCO film 4e; semiconductor
film 5 of or including one or more layers such as CdS/CdTe, a-Si, or the like; optional
back contact/electrode/reflector 7 of aluminum or the like; optional adhesive 9 of or
including a polymer such as PVB or EVA; and optional back/rear glass substrate 11,
In certain example embodiments of this invention, dielectric layer 2 may be from
about 5-40 nm thick, more preferably from about 10-20 nm thick; seed layer 4b may
be from about 5-20 nm thick, more preferably from about 5-15 nm thick; silver based

layer 4c may be from about 5-20 nm thick, more preferably from about 6-10 nm thick;
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overcoat layer 4d may be from about 0.2 to 5 nm thick, more preferably from about
0.5t0 2 nm thick; and TCO film 4e after etching may be from about 50-250 nm thick,
more preferably from about 75-150 nm thick, and may have a resistivity of no more
than about 100 mQ in certain example instances. Moreover, the surface of glass |
closest to the sun may be patterned via etching or the like in certain example

embodiments of this invention.

10041] In certain example embodiments, the front electrode 3, prior to etching,
can be subjected to baking (or heat treating). In certain example embodiments, the
heat treatihg may be from about 50 to 400 degrees C, more preferably from about 100
to 400 degrees C (more preferably from about 150-350 degrees C), for a time of from
about 5 to 60 minutes, more preferably from about 10 to 60 minutes, more preferably
from about 20-50 minutes. An example heat treatment is for 30 min at 270 degrees C.
Following the heat freatment, the heat treated (baked) front electrode 3 is etched using
acetic acid or the like in order to form the textured/etched surface 6 thereof. Then, the
front substrate I with the front electrode 3 having etched surface 6 thereof is used in
finishing the PV device so that the etched surface 6 faces, and preferably abuts, the
semiconductor film 5 of the PV device in the final product. It is noted that the total
thickness of the as-deposited TCO film 4e may be from about 100-500 nm, and the
post-etch thickness may be from about 20-300 nm for the film 4e in certain example
embodiments of this invention. It is noted that in any embodiment herein,
hydrochloric acid may be used as the etchant to form eiched surface 6, instead of or in
addition to acetic acid or the like. When using acetic acid and/or hydrochloric acid to
etch the TCO 4e, the acid concentration may be from about 0.5 to 20%, more
preferably from about 1-10%, with an example being about 3.5%, in certain example
embodiments of this invention. The etch time may be from about 10-400 seconds,
more preferably from about 100-300 seconds, with an example being about 200

seconds, in certain example embodiments of this invention.

[0042] Fig. 2 illustrate a PV device according to another example embodiment
of this invention, The Fig. 2 PV device is the same as the Fig. 1 embodiment

described above, except that additional buffer TCO layer 4¢’ is also provided. The
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TCO layer 4¢” may be of tin oxide, zinc oxide, or the like in certain example

embodiments of this invention,

[6043] Fig: 3 illustrates a PV device according to another example
embodiment of this invention. The Fig. 3 PV device is the same as the Fig. 1 PV
device described above, except that layers 4b, 4c and 4d of the Fig. 1 embodiment are
omitted in the Fig. 3 embodiment. In the Fig. 3 embodiment, the front electrode 3 is
rhade up mainly or éntirely of the TCO film 4e, which was formed by sputier-
depositing TCO layers 4el and 4e2 of the same or substantially the same material as
discussed above (e.g., zinc oxide, zinc aluminum oxide, tin oxide, [TO, or the like),
with layer 4e2 then being etching away in large part thereby resulting in the front
electrode structure shown in Fig. 3. In the Fig. 3 embodiment, the first layer 4el may
be sputter-deposited using a ceramic target(s) to a thickness of from about 200-700
am, more preferably from about 300-500 nm, with an example thickness being about
400 nm. The second TCO layer 4e2 may be sputter-deposited to a thickness of from
about 50-300 nm, more preferably from about 75-200 nm (prior to etching). In any of
the Fig. 1-3 embodiments, the etching may be performed to an extent such that some
portions of the first layer 4el are exposed as a result of the etching (1.e., the second
layer 4e2 is continuous prior to the etching, but discontinuous after the etching to
form etched surface 6 of the TCO film 4e). While layers 4el and 4¢2 may be of or
include zinc oxide in certain example embodiments, other material which may be

used including zinc aluminum oxide, tin oxide, ITO, or the like.

[0044] Fig. 4 is a schematic diagram showing formation of the TCO film 4e in
any of the Fig. 1-3 embodiments discussed above, and Fig. S is a flowchart illustrating
steps performed in forming the TCO film 4e of the front electrode 3 in any of the Fig.
1-3 embodiments discussed above, according to an example embodiment of this
invention, A glass substrate 1 is provided, optionally with one or more of layers 2,
4h, 4c and/or 4d thereon (see step S1 in Fig. 5). Then, the first TCO layer 4el 1s
sputter-deposited on the substrate 1 (e.g., over optional dielectric layer(s) 2) using a
ceramic target(s) 12 (see step S2 in Fig. 5). If the first TCO layer 4el is of zinc oxide,
then a ZnO target(s) 12 1s used to sputter deposit the layer 4el. Likewise, if the first

TCO laver 4el is of zinc aluminum oxide, then a ZnO: Al target 12 is used to sputter
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deposit the layer 4el. As another example alternative, if the first TCO layer 4el is of
ITO, then an ITO sputtering target 12 is used to sputter deposit the layer 4el. Then,
the second TCO layer 4e2 (of the same metal oxide material as the first layer 4el) is
sputter-deposited on the substrate 1 (e.g., over optional dielectric layer(s) 2) using a
metallic target(s) 14 (see step S3 in Fig. 5). If the second TCO layer 4e2 is of zinc
oxide, then a Zn metallic target(s) 14 is used to sputter deposit the laver 4e2 in the
presence of Ar and oxygen gas for example. Likewise, if the second TCO layer 4e2 is
of zinc aluminum oxide, then a Zn:Al metallic target 14 is used to sputter deposit the
layer 4e2. As another example alternative, if the second TCO layer 4e2 is of ITO,
then an indium;tin metallic sputtering target 14 1s used to sputter deposit the layer
4e2. The sputtering targets 12 and 14 may be magnetron type rotating targets in
certain example embodiments, and the substrate may move past the targets in
direction D as shown in Fig. 4 for example. Then, after the l.ayers 4el and 4e2 have
been sputter-deposited, and optionally heat treated, the film 4e is etched as described
above to form the etched surface 6 of the front electrode 3 (see step S4 in Fig. 3).
After the etching, the semiconductor film 5 is formed and the front substrate with the

electrode 3 thereon is coupled to the rear substrate 11 to form the PV device (see step

S5 m Fig. 5).

[6045] While the invention has been described in connection with what is
presently considered to be the most practical and preferred embodiment, it is to be
understood that the invention is not to be Hmited to the disclosed embodiment, but on
the contrary, is intended to cover various modifications and equivalent arrangements

included within the spirit and scope of the appended claims.
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CLAIMS

1. A method of making an electrode for a photovoltaic device, the method
comprising:

sputter-depositing a first transparent conductive oxide layer on a

substrate using at least one ceramic sputtering target;

sputter-deposiiing a second transparent conductive oxide layer using at
least one metallic sputtering target to form a transparent conductive oxide film
comprising the first and second transparent conductive oxide layers, wherein the
second transparent conductive oxide layer directly contacts the first transparent
conductive oxide layer and is of the same metal oxide material as the first transparent

conductive oxide layer; and

after said sputter-depositing steps, etching the transparent conductive
oxide film to form a textured surface, wherein a substantial portion of the second
transparent conductive oxide layer is removed during said etching and a majority of

said first transparent conductive oxide layer remains after said etching,

2. The method of claim 1, further comprising heat treating the
transparent conductive oxide film at from about 50-400 degrees C in order to densify
at least part of the transparent conductive oxide fiim prior to said etching, and

performing said etching after said heat treating.

3. The method of claim !, further comprising arranging the textured
surface of the transparent conductive oxide film so as to face a semiconductor film of

the photovoitaic device after said etching.

4. The method of claim 1, wherein said eiching etches through an-
entirety of some portions of the second transparent conductive oxide layer, so that
after said etching some but not all of the first transparent conductive oxide layer is

exposed.

5. The method of claim 1, wherein each of the first and second

transparent conductive oxide layers comprise zine oxide.
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6. The method of claim 1, wherein each of the first and second

transparent conductive oxide tavers comprise zin¢ aluminum oxide.

7. The method of claim 1, wherein each of the first and second

transparent conductive oxide layers comprise tin oxide,

8, The method of claim 1, wherein each of the first and second

transparent conductive oxide layers comprise I'TO.

9. The method of claim 1, wherein the elecirode further comprises a
layer comprising Ag located between the transparent conductive oxide film and the

substrate.
10. The method of claim 1, wherein the substrate is a glass substrate.

11. The method of claim 1, wherein at Jeast twice as much oxygen gas
is used in sputter-depositing the second transparent conductive oxide layer as is used

in sputter-depositing the first transparent conductive oxide layer.

12. The methed of claim 1, wherein the following said sputter-
depositing steps but prior to said etching, the first transparent conductive oxide tayer

is substantially thicker than the second transparent conductive oxide layer.

13. The method of claim i, wherein the etching comprises exposing
the surface of the transparent conductive oxide filin to one or more of acetic acid and

“hydrochloric acid.

14. The method of claim 1, wherein the etching is performed so that
the resulting textured surface has an average RMS roughness value of from about 10-

50 nm.

15. The method of claim 1, wherein the etching is performed using a

mixture comprising vinegar and water.,
16. A photovoltaic device comprising;

a front glass subsirate;

a front electrode provided between the front glass substrate and a
semiconductor film of the photovoltaic device, wherein the front electrode comprises
a transparent conductive oxide (TCO) film comprising first and second TCO layers of
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the same TCO metal oxide material which directly contact each other, the first TCO

layer being more dense than the second TCO layer of the same TCO material;

wherein a major surface of the TCO film layer closest to a
semiconductor filim of the photovoitaic device 1s etched so as to be textured, and
wherein the second TCO layer is closest to the semiconductor film and is

discontinuous due to the etching.
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