wo 2012/102845 A2 |11 N0F V00 0O 0 Y A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2012/102845 A2

2 August 2012 (02.08.2012) WIPO I PCT
(51) International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
HOIL 31/0216 (2006.01) HOIL 31/18 (2006.01) kind of national protection available): AE, AG, AL, AM,
HOI1L 31/0236 (2006.01) AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
. e . CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
(21) International Application Number: DZ. EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
PCT/US2012/020586 HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
(22) International Filing Date: KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
9 January 2012 (09.01.2012) MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
. ) OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,
(25) Filing Language: English SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
(26) Publication Language: English TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(30) Priority Data: (84) Designated States (uniess otherwise indicated, for every
12/929,464 26 January 2011 (26.01.2011) Us kind Of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
(71) Applicant (for all designated States except US): GUARD- UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU,
IAN INDUSTRIES CORP. [US/US]; 2300 Harmon TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
Road, Auburn Hills, MI 48326-1714 (US). DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK
(72) Inventor; and i > > g 2 SO il
(75) Inventor/Applicant (for US only): KRASNOV, Alexey E}I;/IV IARB’ ﬁgPII\I(EBI;’I\IBJT’DCFT’ GC)G’ CL CM, GA, GN, GQ,
[CA/US]; 42116 Carriage Cove Circle, Canton, MI 48187 > > 2T R 2 ’
(US). Published:

74

Agent: RHOA, Joseph, A.; Nixon & Vanderhye P.C., 901
North Glebe Road, 11th Floor, Arlington, VA 22203-1808

(US).

without international search report and to be republished
upon receipt of that report (Rule 48.2(g))

(54) Title: TEXTURED COATING WITH VARIOUS FEATURE SIZES MADE BY USING MULTIPLE-AGENT ETCHANT
FOR THIN-FILM SOLAR CELLS AND/OR METHODS OF MAKING THE SAME

(57) Abstract: Certain example embodiments of this invention relate to solar cell devices, and/or methods of making the same. More
particularly, certain example embodiments relate to a front transparent conductive electrode for solar cell devices (e.g., micro-morph
silicon thin-film solar cells), and/or methods of making the same. The electrode of certain example embodiments may include a tex -
tured transparent conductive oxide (TCO) layer. The textured layer and/or coating may include at least two feature sizes, wherein at
least one type of feature is comparable in size to the wavelength of solar light absorbed by the amorphous portion of the mi-
cro-morph silicon solar cell, and the other feature size being comparable to that of micro-crystalline portion. Double- agent etchants
may be used to produce such different features sizes. Using a textured TCO-based layer having different feature sizes may improve
the efficiency of the solar cell.



WO 2012/102845 PCT/US2012/020586

TITLE OF THE INVENTION

TEXTURED COATING WITH VARIOUS FEATURE SIZES MADE BY
USING MULTIPLE-AGENT ETCHANT FOR THIN-FILM SOLAR CELLS
AND/OR METHODS OF MAKING THE SAME

FIELD OF THE INVENTION

[0001] This application is a Continuation-in-Part (CIP) of U.S.
Application Serial No. 12/591,061, filed November 5, 2009, and U.S.
Application Serial No. 12/929,111, filed December 30, 2010, the disclosures of

which are hereby incorporated by reference.

FIELD OF THE INVENTION

[0002] Certain example embodiments of this invention relate to solar cell
devices, and/or methods of making the same. More particularly, certain
example embodiments relate to a front transparent conductive electrode for
solar cell devices (e.g., amorphous silicon or a-Si solar cell devices, micro-
morph silicon thin-film solar cell devices, etc.), and/or methods of making the
same. The solar cells may include, for example, a textured transparent
conductive oxide (TCO)-based layer and/or coating in certain instances. The
textured TCO-based layer and/or coating of certain example embodiments may
include at least two feature sizes, wherein at least one type of feature is of a
size corresponding to the wavelength of solar light absorbed by the crystalline
portion of the micro-morph thin-film silicon solar cell, and the other type
corresponds in size to the wavelength of solar light absorbed by the amorphous
portion of the micro-morph thin-film silicon solar cell. In certain example
embodiments, the use of double-agent etchants may result in an appropriate
texturing of'a TCO layer, e.g., such that the TCO layer has more than one

feature size, potentially improving the efficiency of the solar cell.
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BACKGROUND AND SUMMARY OF EXAMPLE EMBODIMENTS OF
THE INVENTION

[0003] 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 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 fluorine-doped tin oxide TCOs as front electrodes may be about 1000
nm thick, which provides for a sheet resistance (Rs) 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.

[0004] Unfortunately, photovoltaic devices (e.g., solar cells) with only
such conventional TCO front electrodes suffer from various problems.

[0005] First, a pyrolitic fluorine-doped tin oxide TCO about 1000 nm
thick as the entire front electrode has a sheet resistance (Rs) of about 15
ohms/square, which is rather high for the entire front electrode. A lower sheet
resistance (and thus better conductivity) would be desired for the front
electrode of a photovoltaic device. A lower sheet resistance may be achieved
by increasing the thickness of such a TCO, but this will cause transmission of
light through the TCO to drop thereby reducing output power of the
photovoltaic device.

[0006] Second, conventional TCO front electrodes such as pyrolytic tin
oxide based TCOs allow a significant amount of infrared (IR) radiation to pass
therethrough, thereby allowing it to reach the semiconductor or absorbing

layer(s) of the photovoltaic device. This IR radiation causes heat, which
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increases the operating temperature of the photovoltaic device thereby
decreasing the output power thereof.

[0007] Third, conventional TCO front electrodes such as pyrolytic tin
oxide tend to reflect a significant amount of light in the region of from about
450-700 nm so that less than about 80% of useful solar energy reaches the
semiconductor absorbing layer; this significant reflection of visible light is a
waste of energy and leads to reduced photovoltaic module output power. Due
to the TCO absorption and reflections of light which occur between the TCO
(refractive index n about 1.8 to 2.0 at 550 nm) and the thin film semiconductor
(n about 3.0 to 4.5), and between the TCO and the glass substrate (n about 1.5),
the TCO coated glass at the front of the photovoltaic device typically allows
less than 80% of the useful solar energy impinging upon the device to reach the
semiconductor film which converts the light into electric energy.

[0008] Fourth, the rather high total thickness (e.g., 400 nm) of the front
electrode in the case of a 1000 nm thick tin oxide TCO, leads to high
fabrication costs.

[0009] Fifth, the process window for forming a zinc oxide or tin oxide
TCO for a front electrode is both small and important. In this respect, even
small changes in the process window can adversely affect conductivity of the
TCO. When the TCO is the sole conductive layer of the front electrode, such
adverse affects can be highly detrimental.

[0010] Further, the efficiency of a solar cell may be increased by
texturing the TCO. However, this is often done by etching. In certain example
embodiments, etching may be detrimental to the overall solar cell.

[0011] Thus, it will be appreciated that there is a need in the art for
improved solar cell devices, and/or methods of making the same.

[0012] Certain example embodiments of this invention relate to a
method of making a solar cell. A layer comprising zinc oxide is sputter-
deposited on a glass substrate. The layer comprising zinc oxide is etched with
at least a double-agent etchant comprising at least two acids in order to texture

a surface of the layer comprising zinc oxide and in order to produce at least
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first and second feature types having different respective feature sizes. A first
semiconductor layer comprising amorphous silicon is formed, directly or
indirectly, on the layer comprising zinc oxide. A second semiconductor layer
comprising micro-crystalline silicon is formed over and contacting the first
semiconductor layer in making the solar cell.

[0013] Certain example embodiments of this invention relate to a
method of making a solar cell. A layer comprising a transparent conductive
oxide (TCO) disposed on a glass substrate is etched with an etchant comprising
at least two acids in order to texture a surface of the TCO-based layer. A first
semiconductor layer comprising amorphous silicon is formed, directly or
indirectly, on the TCO-based layer. A second semiconductor layer comprising
micro-crystalline is formed over and contacting the layer comprising
amorphous silicon in making the solar cell. The surface of the layer
comprising the TCO, post-etching, includes at least first and second feature
types, the first feature type being sized so as to scatter light in a first range
corresponding to the first semiconductor layer and the second feature type
being sized so as to scatter light in a second range corresponding to the second
semiconductor layer.

[0014] Certain example embodiments of this invention relate to a solar
cell, including a glass substrate; a textured transparent conductive oxide
(TCO)-based layer comprising zinc oxide; a first semiconductor layer
comprising amorphous silicon; and a second semiconductor layer comprising
micro-crystalline silicon. The surface of the textured TCO-based layer
includes at least first and second feature types, the first feature type being sized
so as to scatter light in a first range corresponding to the first semiconductor
layer and the second feature type being sized so as to scatter light in a second
range corresponding to the second semiconductor layer.

[0015] The features, aspects, advantages, and example embodiments

described herein may be combined to realize yet further embodiments.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0016] These and other features and advantages may be better and more
completely understood by reference to the following detailed description of
exemplary illustrative embodiments in conjunction with the drawings, of
which:

[0017] FIGURE 1 is a cross-sectional view of an example photovoltaic
device according to certain example embodiments of this invention;

[0018] FIGURE 2 is an example XRD graph showing AZO with and
without an ITO underlayer;

[0019] FIGURE 3 is a first example layer stack for producing high haze
in connection with a textured stoichiometric AZO layer deposited on an ITO
layer in accordance with an example embodiment of this invention;

[0020] FIGURE 4 is a second example layer stack for producing high
haze in connection with a textured stoichiometric AZO layer deposited on an
ITO layer in accordance with an example embodiment of this invention;
[0021] FIGURE 5 is a third example layer stack for producing high haze
in connection with a textured stoichiometric AZO layer deposited on an ITO
layer in accordance with an example embodiment of this invention;

[0022] FIGURE 6 is cross-sectional view of an AZO-based layer in a
solar cell that has been over-etched;

[0023] FIGURE 7 is cross-sectional view of a semiconductor layer being
in direct contact with a metallic, conductive layer due to over-etching;

[0024] FIGURE 8 is an example layer stack for reducing the possibility
of over-etching with a textured stoichiometric AZO layer deposited on an ITO
layer in accordance with an example embodiment of this invention;

[0025] FIGURE 9 is a flowchart showing an exemplary method for
making a photovoltaic device including an etch-blocking layer according to
certain example embodiments of the invention;

[0026] Figure 10 is a cross-sectional view of an example micro-morph

solar cell;
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[0027] Figure 11 is a cross-sectional view of an example micro-morph Si
based photovoltaic device according to certain example embodiments of this
invention; and

[0028] Figures 12a-b compare AFM and SEM images where single-
agent and double-agent etchants were used to texture the surface of magnetron-

sputtered ZnO:Al, respectively.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS OF THE
INVENTION

[0029] Photovoltaic devices such as solar cells convert solar radiation
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, 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 semiconductor
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.

[0030] 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 also be of or include hydrogenated amorphous silicon carbon or

hydrogenated amorphous silicon germanium, or the like, in certain example

6



WO 2012/102845 PCT/US2012/020586

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
CdS/CdTe) photovoltaic devices, polysilicon and/or microcrystalline Si
photovoltaic devices, and the like.

[0031] 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 substrate 1 (other suitable material may also be used for
the substrate instead of glass in certain instances), optional dielectric layer(s) 2,
multilayer front electrode 3, active semiconductor film 5 of or including one or
more semiconductor layers (such as pin, pn, pinpin tandem layer stacks, or the
like), back electrode/contact 7 which may be of a TCO or a metal, an optional
encapsulant 9 or adhesive of a 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/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. 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 optional in certain instances. Glass 1 and/or 11

may or may not be thermally tempered and/or patterned in certain example
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embodiments of this invention. 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.

[0032] Dielectric 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 to 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, silicon 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 example embodiments of this invention,
to reduce materials such as sodium from migrating outwardly from the glass
substrate 1 and reaching the IR reflecting layer(s) and/or semiconductor.
Moreover, dielectric layer 2 is 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.

[0033] Still referring to Fig. 1, multilayer front electrode 3 in the
example embodiment shown in Fig. 1, which is provided for purposes of
example only and is not intended to be limiting, includes from the glass
substrate 1 outwardly a first optional seed layer 3a, conductive, substantially
metallic, substantially transparent IR reflecting layer 3b, transparent conductive
oxide layer 3d, and optionél buffer layer 3f. Layer 3a is optional and may be a
dielectric layer and/or may serve as a seed layer for the layer 3b. In certain
example embodiments, however, layer 3a may be part of the dielectric/
optically-matching layer(s) 2. This multilayer film 3 makes up the front
electrode in certain example embodiments of this invention. Of course, it is

possible for certain layers of electrode 3 to be removed in certain alternative
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embodiments of this invention, and it is also possible for additional layers to be
provided in the multilayer electrode 3. Front electrode 3 may be continuous
across all or a substantial portion of 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 1-3 is substantially transparent in certain
example embodiments of this invention.

[0034] Conductive substantially metallic IR reflecting layer 3b may be
of or based on any suitable 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 5 sometimes may be advantageous in
that it may reduce the operating temperature of the photovoltaic module so as
to increase module output power. Moreover, the highly conductive nature of
substantially metallic layer 3b permits the conductivity of the overall electrode
3 to be increased. In certain example embodiments of thiskinvention, the
multilayer electrode 3 has a sheet resistance of less than or equal to about 12
ohms/square, more preferably less than or equal to about 9 ohms/square, and
even more preferably less than or equal to about 6 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 conductive substantially metallic IR reflecting layer 3b (as well as
the other layers of the electrode 3) is thin enough so as to be substantially
transparent to visible light. In certain example embodiments of this invention,
conductive substantially metallic IR reflecting layer 3b may be from about 3 to
18 nm thick, more preferably from about 5 to 12 nm thick, and most preferably
from about 6 to 11 nm thick in certain example embodiments of this invention.
These thicknesses are desirable in that they permit the layer 3b 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
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to be transformed by the photovoltaic device into electrical energy. The highly
conductive IR reflecting layer 3b attribute to the overall conductivity of the
electrode 3 much more than the TCO layers; 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.

[0035] TCO layer 3d may be of any suitable TCO material including but
not limited to conducive forms of zinc oxide, zinc aluminum oxide, tin oxide,
indium-tin-oxide, indium zinc oxide (which may or may not be doped with
silver), or the like. These layers are typically substoichiometric so as to render
them conductive as is known in the art. For example, these layers are made of
material(s) which gives them 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). One or more of these layers may be doped with
other materials such as fluorine, aluminum, antimony or the like in certain
example instances, so long as they remain conductive and substantially
transparent to visible light. In certain example embodiments of this invention,
TCO layer 3d is from about 3 to 80 nm thick, more preferably from about 5-30
nm thick, with an example thickness being about 10 nm. Optional layer 3a is
provided mainly as a seeding layer for layer 3b and/or for antireflection
purposes, and its conductivity is not as important as that of layers 3b-3e (thus,
layer 3a may be a dielectric in certain example embodiments). In other
example embodiments of this invention, TCO layer 3d is from about 20 to 150
nm thick, more preferably from about 40 to 120 nm thick, with an example
thickness being about 74-75 nm. In still further example embodiments of this
invention, TCO layer 3d is from about 20 to 180 nm thick, more preferably
from about 40 to 130 nm thick, with an example thickness being about 94 or
115 nm. In certain example embodiments, part of layer 3d, e.g., from about 1-
25 nm or 5-25 nm thick portion, at the interface between layers 3d and 5 may
be replaced with a low conductivity high refractive index (n) film 3f such as
titanium oxide to enhance transmission of light as well as to reduce back

diffusion of generated electrical carriers; in this way performance may be
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further improved. In certain example embodiments, more than one of each of
substantially metallic layer 3b and TCO-based layer 3d may be included in the
front electrode of a photovoltaic device, in an alternating fashion (e.g.,
3b/3d/3b/3d etc.).

[0036] In certain example embodiments 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) an optional
dielectric and/or index-matching layer and/or coating on the glass substrate.
Then, multilayer electrode 3 is deposited on the substrate 1. Thereafter the
structure including substrate 1 and front electrode 3 is coupled with the rest of
the device in order to form the photovoltaic device shown in Fig. 1. For
example, the semiconductor layer 5 may then be formed over the front
electrode on substrate 1. Alternatively, the back contact 7 and semiconductor 5
may be fabricated/formed on substrate 11 (e.g., of glass or other suitable
material) first; then the electrode 3 and dielectric 2 may be formed on
semiconductor 5 and encapsulated by the substrate 1 via an adhesive such as
EVA.

[0037] In certain example embodiments, when TCO layer(s) and
conductive substantially metallic IR reflecting layers are alternated, the
alternating nature of the TCO layers 3d and the conductive substantially
metallic IR reflecting layers 3b, is also advantageous in that it also one, two,
three, four or all of the following advantages to be realized: (a) reduced sheet
resistance (R;) of the overall electrode 3 and thus increased conductivity and
improved overall photovoltaic module output power; (b) increased reflection of
infrared (IR) radiation by the electrode 3 thereby reducing the operating
temperature of the semiconductor 5 portion of the photovoltaic module so as to
increase module output power; (¢) reduced reflection and increased
transmission of light in the visible region of from about 450-700 nm (and/or
450-600 nm) by the front electrode 3 which leads to increased photovoltaic
module output power; (d) reduced total thickness of the front electrode coating

3 which can reduce fabrication costs and/or time; and/or (e) an improved or
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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).

[06038] The active semiconductor region or film 5 may include one or
more layers, and may be of any suitable material. 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 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 hydrogenated amorphous
silicon germanium, hydrogenated microcrystalline silicon, or other suitable
material(s) in certain example embodiments of this invention. It is 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 in alternative embodiments of this invention.

[0039] 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 zinc oxide (which may or may not be doped

with silver), indium-tin-oxide (ITO), tin oxide, and/or zinc oxide closest to the
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active region 5, and the back contact may include another conductive and
possibly reflective layer of a material such as silver, molybdenum, platinum,
steel, iroh, niobium, titanium, chromium, b'ismuth, 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.

[0040] 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 is
EVA or PVB. 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.

[0041] Given the structure identified above, certain example
embodiments relate to a front transparent conductive electrode for solar cell
devices (e.g., amorphous silicon or a-Si solar cell devices), and/or methods of
making the same. Certain example embodiments enable advantageously enable
high haze to be realized in the top layer of the thin film stack.

[0042] The front transparent contact of a typical superstrate thin film
amorphous silicon (a-Si) solar cell includes a glass base supporting a
transparent conductive film. As indicated above, this transparent conductive
film typically includes pyrolytically deposited fluorine-doped tin oxide
(SnO,:F). The efficiency of a-Si modules sometimes may be increased by 20%
via surface texturing of the transparent conductor on which the a-Si
semiconductor is deposited for the effective light scattering into the
semiconductor layer of the device. The pyrolytically deposited SnO,:F
typically is “naturally” texturevd during its deposition.

[0043] Sputter-deposited aluminum-doped zinc oxide (AZO) may be
used as an alternative to pyrolytically deposited SnO,:F. The AZO may be
chemically etched following its deposition. The etching process may create
sufficient roughness of the AZO surface to produce the needed light scattering.

Unfortunately, however, the chemical etching often results in a substantial
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thickness loss of the AZO layer. This generally requires depositing a relatively
thick (e.g., about 1 micron thick) sputter-deposited AZO layer to provide a
sufficiently low sheet resistance. As will be appreciated, the low sheet
resistance of the transparent contact is needed for the effective extraction of
electrical charges generated in the device.

[0044] An alternative technique for achieving a sufficient lateral
conductivity of the textured transparent contact is to deposit an additional
highly conductive transparent layer such as, for example, indium tin oxide
(ITO), below the AZO. In such a case, the AZO deposited on the ITO film
may be made substantially thinner. This technique may offer certain
advantages over a single layer AZO design, e.g., when the deposition (of some
or all layers) is performed without intentional heating of the substrate (and/or
the layers thereon). In other words, this technique may offer certain advantages
over a single layer AZO design when the deposition is performed
approximately at room temperature, thereby resulting in RT-AZO. The stack
may require post-deposition baking (e.g., at about 300-500 degrees C) to
reduce optical absorption and electrical resistivity of the transparent electrode.
[0045] To achieve the desired optical and electrical performance of
sputtered RT-AZO, the use of near-stoichiometric ceramic AZO targets may be
desirable. For example, using close-to-stoichiometric ceramic AZO targets
may make it easier to optimize the composition of the RT-AZO deposit film by
incorporating oxygen during the post-deposition baking. One disadvantage of
using stoichiometric targets for the AZO deposition on ITO is that the
crystalline ITO has a tendency to inhibit haze in stoichiometric AZO during
texturing. This also applies to high-temperature AZO (HT-AZO) deposited on
the ITO layer.

[0046] One reason that the ITO layer affects haze development in AZO
relates to the fact that the ability of the AZO layer to produce haze depends on
the ratio of strain in the film in the directions parallel and perpendicular to its.
growth axis. In AZO deposited on an amorphous substrate, this ratio is

sufficient to result in a high haze. The presence of the crystalline ITO layer,

£
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however, affects the crystallinity of the AZO and results in the reduced strain
ratio. This, in turn, results in a reduced difference of the etch rate in the two
orthogonal directions of the crystalline AZO and, ultimately, in a low haze. Fig.
2 is an example XRD graph showing AZO with (solid squares) and without
(hollow circles) an ITO underlayer.

[0047] Certain example embodiments therefore relate to techniques that
produce high haze in textured stoichiometric AZO deposited on an ITO film.
This may be accomplished using one or more of the following and/or other
example techniques. The resulting layer stacks are shown in Figs. 3-5
(described in greater detail below). In brief, Figs. 3-5 each show approaches
for producing high haze in connection with a textured stoichiometric AZO

layer deposited (directly or indirectly) on an ITO layer in accordance with
example embodiments of this invention.

[0048] First, a substantially sub-oxidized AZO layer may be provided
between the ITO layer and the stoichiometric AZO layer. This example
technique may result in an “amorphozation” of the lower portion of the AZO
layer and/or the upper portion of the ITO layer. This tends to reduce (and
sometimes even cancel out) the effect of the crystalline ITO on the AZO layer.
[0049] This first illustrative arrangement is shown, for example, in Fig. 3.
The Fig. 3 example embodiment includes a glass substrate 1, which supports a
dielectric layer 2 and a multilayer transparent conductive coating (TCC) 31.
The underlying dielectric layer 2 supports the TCC 31, which may comprise (in
order moving away from the dielectric layer 2), an ITO layer 31a, a sub-
oxidized ITO layer 31b, and a layer of textured AZO 31¢c. The ITO layer 31a
and/or the AZO 31c¢ may be stoichiometric or substantially stoichiometric in
different embodiments of this invention. It will be appreciated that the sub-
oxidized ITO layer 31b will contain less oxygen than the “main” ITO layer 31a.
In certain example embodiments, the “main” ITO layer 3 1a also may be sub-
oxidized. However, even in embodiments where the “main” ITO layer 31a is
sub-oxidized, the sub-oxidized ITO layer 31b still will contain less oxygen than

the “main” ITO layer 31a. In certain example embodiments, the sub-oxidized
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ITO layer 31b preferably has an absorption of 3-6% per 100 nm of thickness,
more preferably 4.5% per 100 nm of thickness. In certain example
embodiments, the sub-oxidized ITO layer 31b may have optical constants n and
k of 1.9-2.05 and 0.005-0.025, respectively, at 550 nm, and more preferably
1.97 and 0.01, respectively at 550 nm.

[0050] In certain example embodiments, the ITO layer 31a and/or the
AZ0 31c may have a refractive index of about 1.9-2.05 at 550 nm. In certain
example embodiments, the ITO layer 31a may be provided at a thickness of 50-
500 nm, more preferably 100-300 nm, and still more preferably at about 200
nm. In certain example embodiments, the AZO 31¢ may be‘provided at a
thickness of 300-1000 nm, more preferably 400-700 nm, and still more
preferably at about 500 nm. In certain example embodiments, the sub-oxidized
ITO layer 31b may be provided at a thickness of 10-200 nm, more preferably
20-100 nm, and still more preferably at about 40 nm.

[0051] A conductive layer of or comprising Ag (not shown in Fig. 3)
may be deposited above and/or below the ITO layer 31a in certain example
embodiments. This Ag-based layer may be highly conductive and may be
deposited to a thickness of 0.5-3 nm, more preferably 0.7-2 nm, and sometimes
to about 1 nm.

[0052] In certain example embodiments, rather than providing two
separate ITO layers 31a and 31b, a single graded ITO layer (not shown) may be
provided, such that the oxygen content is higher closer to the dielectric layer 2
and lower closer to the AZO layer 31c. In certain example embodiments, even
when separate ITO layers 31a and 31b are provided, one or both of such layers
may be graded, e.g., as described above. In certain example embodiments
AZO etching may be performed using a 5% acetic acid solution.

[0053] The sub-oxidized I'TO layer 31b, provided as an insertion layer,
may help serve as an etch stop. In general, absent the insertion layer
comprising sub-oxidized ITO layer 31b, the crystallinity of the underlying
“main” ITO layer 31a will affect the growth of the AZO and reduce haze

because it tends to inhibit large peak/valley formation. Similar principles apply
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when a single, graded ITO layer is provided. In certain example embodiments,
the crystallinity of the AZO will be changed, creating an enlarged peak-to-
valley distance, e.g., by enabling the AZO to form higher peaks and/or lower
valleys. In particular, in certain example embodiments, the 002 peak will shift,
causing the etch rate in the horizontal vs. vertical directions change together
and, for example, producing deeper valleys.

[0054] Second, a substantially sub-oxidized ITO layer may be provided
between stoichiometric ITO and AZO layers. Like the first example technique,
this second example technique also may result in an “amorphozation” of the
lower portion of the AZO layer and/or the upper portion of the ITO layer,
which tends to reduce (and sometimes even cancel out) the effect of the
crystalline ITO on the AZO layer.

[0055] This second illustrative arrangement is shown, for example, in
Fig. 4. The Fig. 4 example embodiment is similar to the Fig. 3 example
embodiment in that it includes a glass substrate 1, which supports a dielectric
layer 2 and a multilayer transparent conductive coating (TCC) 41. The
underlying dielectric layer 2 supports the TCC 41, which may comprise (in
order moving away from fhe dielectric layer 2), an ITO layer 41a, a sub-
oxidized AZO layer 41b, and a layer of textured AZO 41c. It will be
appreciated that the sub-oxidized AZO layer 41b will contain less oxygen than
the “main” AZO layer 41c. In certain example embodiments, the “main” AZO
layer 41c also may be sub-oxidized. However, even in embodiments where the
“main” AZO layer 41c is sub-oxidized, the sub-oxidized AZO layer 41b still
will contain less oxygen than the “main” AZO layer 41c.

[0056] The sub-oxidized AZO layer 41b in certain example
embodiments preferably has an absorption of 2-8% per 100 nm of thickness,
and sometimes around 5.3% per 100 nm of thickness. The thickness of the
sub-oxidized AZO layer 41D in certain example embodiments is 10-200 nm,
more preferably 20-100 nm, and sometimes is preferably about 40nm. In
certain example embodiments, the sub-oxidized AZO layer 41b may have

optical constants n and k of 1.93 and 0.008, respectively, at 550 nm.
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[0057] | In certain example embodiments, rather than providing two
separate AZO layers 31b and 31c¢, a single graded AZO layer (not shown) may
be provided, such that the oxygen content is higher farther from the substrate 1
and lower closer to the substrate 1. In certain example embodiments, even
when separate AZO layers 41b and 41c¢ are provided, one or both of such layers
may be graded, e.g., as described above.

[0058] Similar to the above, the sub-oxidized AZO layer 31b, provided
as an insertion layer, may help serve as an etch stop and may help reduce the
effects of the underlying ITO’s crystallinity. Also, similar principles apply
when a single, graded AZO layer is provided.

[0059] In certain example embodiments, an over-oxidized layer may be
introduced adjacent to the sub-oxided insertion layer. For instance, in the Fig.
3 example embodiment, an over-oxidized ITO layer may be provided adjacent
to the sub-oxided insertion layer 31b. Similarly, in the Fig. 4 example
embodiment, an over-oxidized AZO layer may be provided adjacent to the sub-
oxided insertion layer 41b. In certain example embodiments, the optional over-
oxidized layer may be used as an internal source of oxygen during post-
deposition baking. This may help “bake out” the optical absorption of the sub-
oxided insertion layer after it has served its role in helping to form the AZO
able to provide high haze. The optical absorption of such a layer may be from
1-3% (integrated over 400-700nm wavelength range, for example) in certain
example embodiments. The over-oxided layer may be about 20-100 nm thick,
more preferably 40 nm thick, in certain example embodiments. In certain
example embodiments, the over-oxided layer may be provided below the sub-
oxided insertion layer. A temporary over-oxided layer also may be provided in
embodiments where graded layers are used in accordance with certain example
embodiments.

[0060] Third, the ITO may be ion-beam treated before providing the top
AZO layer. The harsh ion beam treatment of this technique may be used to at
least partially erode the upper portion of the ITO so that the AZO layer is not as

affected by the ITO crystallinity. This illustrative arrangement is shown, for
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example, in Fig. 5. The Fig. 5 example embodiment includes a glass substrate
1, which supports a dielectric layer 2 and a multi-layer TCC 51. The multi-
layer TCC includes an ITO layer 5S1a that has been ion-beam treated in the
region 51b. The ion-beam treatfnent in the region 51b affects the crystallinity
of at least a portion of the deposited I'TO which, in turn, enables the AZO layer
51c¢ to grow and form peaks and valleys as described above.

[0061] The ion beam may be implemented at the end of the ITO layer
deposition, and the ion beam may use Ar, O,, and/or any suitable combination
of these and/or other gasses. In general, an ion-beam voltage of greater than
about 500 V will sufficiently roughen the [TO surface; however a voltage
greater than 1000 V is preferred, and a voltage of 3000 V sometimes may be
used.

[06062] Ion beams, ion sources, ion beam treatments, and the like are
disclosed, for example, U.S. Patent Nos. 6,808,606; 7,030,390, 7,183,559;
7,198,699; 7,229,533, 7,311,975; 7,405,411, 7,488,951, and 7,563,347, and
U.S. Publication Nos. 2005/0082493; 2008/0017112; 2008/0199702, the entire
contents of each of which is hereby incorporated herein by reference.

[0063] In other example embodiments, an alternate method of making a
solar cell and/or an alternate structure for the front electrode of a solar cell
is/are provided.

[0064] In certain example embodiments, it may be desirable to provide a
front electrode having only one transparent conductive oxide-based layer and
only one conductive, substantially metallic IR reflecting layer. However, if the
TCO layer is not rough enough as-deposited, the surface portion (e.g., starting
at the surface and extending into the depth of the layer) of the TCO layer may
be etched in order to texture its surface therefore increasing the efficiency of
the solar cell in certain cases. Etching and/or texturing of the TCO layer is
sometimes performed by using a weak acid. However, in certain instances, the
TCO layer may not be sufficiently resistant to etching from the weak acid. In
certain example embodiments, “weak” spots in the TCO layer may result in

random portions of the layer being etched away substantially. In certain cases,
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the etching of these weak points may be so extensive that the layer under the
TCO layer (e.g., the conductive, substantially metallic layer) may be nearly,
partially, and/or completely exposed at these certain random points.

[0065] This phenomenon is illustrated in Fig. 6. Fig. 6 is a cross-section
view of a portion of a photovoltaic device. Fig. 6 includes substrate 1, upon
which (moving outwardly from the substrate) index-matching layer(s) 2, and an
electrode comprising a thin, substantially transparent conductive layer and/or
layer stack 3b and a transparent conductive oxide layer 3d, are deposited.
[0066] In certain other example embodiments, a transparent conductive
contact and/or front electrode may comprise a textured Al-doped ZnOx (AZO)
top layer (layer 3d) and a thin, substantially transparent conductive under-layer
3b (e.g., a silver-based under-layer). In other example embodiments,
conductive layer (stack) 3b may further comprise a NiCrOx “cap” on one or
both sides of the thin, substantially transparent conductive layer in order to
increase the lateral conductivity (not shown). However, this NiCrOx cap is
optional and is only used in some instances on one or both sides of conductive
layer 3b.

[0067] In certain example embodiments, when a TCO-based layer such
as AZO is used, the layer may not be sufficiently rough as-deposited, and
therefore texturing through the use of a weak acid (e.g., diluted acetic acid,
hydrochloric acid, and the like) may be desirable. However, particularly when
AZO is used as the TCO layer, the weak spots as described above may be
present in the AZO layer. Again, these weak spots may result in over-etching
of certain portions of the coating (the points where over-etching may occur
may be random in certain embodiments). In certain cases, the over-etching
may reach the substantially transparent conductive layer 3b located below the
textured TCO 3d. In those cases, when semiconductor 5 is deposited over the
textured TCO 3d (as illustrated in Fig. 7), the semiconductor 5 may be in close
proximity to and/or direct contact with conductive layer 3b.

[0068] Such proximity and/or direct contact between layers 3b and 5, as

illustrated in Fig. 7, may be undesirable in that it may result in an abrupt
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transition from a low refractive index conductive layer (e.g., a layer based on
silver) to a high refractive index semiconductor (e.g., Si) in random spots of the
coating, in certain cases. Another problem that may arise in certain example
embodiments is that an Si-based semiconductor may be in direct electric
contact with the highly conductive silver-based (for example) layer. Contacts
such as these described herein between layers 3b and 5 may be undesirable in
certain example embodiments.

[0069] It has advantageously been found that the formation of
undesirable contacts between conductive layer 3b and semiconductor 5 through
“over-etched” spots of textured TCO layer 3d may be reduced by inserting a
thin blocking layer 3¢ in between conductive layer 3b and TCO layer 3d. This
is illustrated in Fig. 8. In certain example embodiments, the blocking layer 3¢
may comprise any material that is highly conductive and has a poor etchability
for many weak acids. For example, in certain exemplary embodiments,
blocking layer 3¢ may be of or include indium tin oxide (ITO). Blocking layer
3¢ may have a thickness of from about [ to 300 nm, more preferably from
about 2 to 200 nm.

[0070] In certain example embodiments, layer 3¢ advantageously may be
of or include a material that is more resistant to etching by weak acids (e.g., 3¢
should be of a material that has a poor etchability for many weak acids), e.g., as
compared to the layer to be roughened 3d by the etchant. Examples of weak
acids include, for instance, acetic acid, diluted acetic acid, various
concentrations of hydrochloric acid (HCI), and the like. Of course, other acid
etchants may be used in different example implementations. In certain
instances, the weak acid may be any acid having a pH of from about 1 to 6,
more preferably from about 2 to 5, and most preferably from about 2.5 to 4.5.
[0071] Further, layer 3¢ may be conductive and/or highly conductive in
certain example embodiments, in order to increase the conductivity and other
properties of the overall electrode and/or solar cell. Moreover, in other
example embodiments, layers 3b, 3¢, and 3d may be repeated at least once (e.g.

such that electrode 3 comprises layer 3b/3¢/3d/3b/3¢/3d.
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[0072] Fig. 8 also helps illustrate that, through the provision of layer 3¢,
which is a transparent conductive oxide-based layer that is more resistant to
etching by weak acids than is layer 3d in certain example embodiments, a
barrier is created (e.g., via blocking layer 3¢) between the TCO layer 3d being
etched and the substantially transparent conductive layer 3b. In certain
example embodiments, layer 3¢ will reduce (and sometimes even completely
prevent) over-etching of TCO layer 3d related to the application of the weak
acid. The inclusion of etching-blocking layer 3¢ between TCO layer 3d and the
conductive substantially metallic IR reflecting layer 3b, may sometimes also be
considered advantageous in that it can reduce (and sometimes even prevent),
direct contact between conductive layer 3b and semiconductor 5. Such contact
is undesirable in that it may decrease the efficiency and/or performance of the
solar cell due to abrupt changes in refractive index and/or substantially direct
electrical contact between the semiconductor and the relatively highly
conductive layer 3b (e.g., a silver-based layer). In other example embodiments,
where a capping layer is provided above and/or below conductive layer 3b,
contact that arises due to over-etching of the TCO-based layer may be between
the capping layer and the semiconductor. In certain example embodiments,
contact between the semiconductor and the thin capping layer is also
disadvantageous.

[0073] In certain example embodiments, blocking layer 3¢ may
advantageously be of or include indium tin oxide (e.g., ITO). ITO has
sufficient etch-stop properties that render it more resistant to weak acids than
AZO. When blocking layer 3¢ comprises a transparent conductive oxide (such
as ITO), the overall conductivity, transmission, and other properties of the
electrode may remain substantially unaffected or even improved. Furthermore,
when TCO layer 3d comprises AZO, and blocking layer 3¢ comprises ITO, it
may be particularly advantageous because the overall conductivity of the
electrode may be improved in some instances.

[0074] Although the example design shown in and described in

connection with Fig. 8 may not completely eliminate all possibilities for the
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over-etching of layer 3d (particularly when it is based on ZnO,:Al), including a
blocking layer 3¢ that is more resistant to weak acids (e.g., based on ITO) may
reduce the risk of, and sometimes even prevent, direct contact with the
conductive layer 3b (and/or any capping layers provided above or below
conductive layer 3b). In certain example embodiments, it is particularly
advantageous for the TCO-based layer 3d to be of or include aluminum-doped
zinc oxide, and for blocking layer 3c to be based on ITO. In some instances,
ITO and AZO may have similar optical constants. This is advantageous in that
there will be sufficient optical separation between the conductive layer 3b and
any textured layers (e.g., layer 3d). For instance, in certain example
embodiments, the selection of ITO and AZO also may be advantageous in the
sense that they may be deposited so as to have closely matching optical
constants n and k, preferably within about 15% of one another, more preferably
within about 10% of one another, and sometimes within 5% or less of one
another. Further, including a layer based on ITO in the front electrode may
also increase the overall conductivity of the front electrode and/or front contact.
[0075] Fig. 9 is a flowchart illustrating an example process for making a
textured front contact comprising at least a TCO layer based on AZO deposited
over a conductive layer (and/or conductive layer stack), with a blocking layer
based on ITO located therebetween in accordance with certain example
embodiments of this invention. A glass substrate 1 that serves as the
superstrate for the front electrode is provided (step S902). A layer comprising
a conductive, substantially metallic matérial such as silver (3b) is then
deposited directly or indirectly on the substrate 1 (step S904). A layer
comprising ITO 3c is then deposited directly or indirectly on the layer of silver
3b (step S906). A layer comprising AZO 3d is then sputter-deposited directly
or indirectly on the ITO (step S908). This layer comprising AZO 3d is then
textured with a weak acid (step S910), e.g., to roughen its surface (potentially
improving haze and the overall performance of the photovoltaic device in
which the superstrate is to be installed). An a-Si or other suitable

semiconductor stack 5 is formed atop the textured layer comprising sputtered
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AZO 3d (step S912) in making the front electrode superstrate. This front
electrode superstrate may then be built into the photovoltaic device (step S914)
in certain example embodiments. Although not shown in Fig. 9, additional
layers may be provided including, for example, index match or dielectric layers,
adhesive layers, sub-oxidized ITO and/or AZO layers, etc.

[0076] In certain example embodiments, some or all of the layers may be
sputter-deposited. Of course, some or all of the layers may be deposited by
other techniques such as, for example, wet-chemical techniques, pyrolytic
techniques, CVD, and/or the like.

[0077] In certain example embodiments, the dielectric layer(s) 2 may be
a single layer or a multi-layer stack. In further example embodiments, layer 2
may be a single or multi-layer stack comprising optical and/or index matching
layers. These layers may help to reduce reflection in certain example
embodiments. The dielectric layer or dielectric layer stack 2 may be provided
directly on the glass substrate. For example, in certain example embodiments,
the dielectric layer 2 may comprise titanium oxide, silicon oxide, silicon nitride,
silicon oxynitride, zirconium oxide, and/or the like. Indeed, any transparent or
partially transparent dielectric layer may be used in different example
embodiments of this invention, alone or in a layer stack with the same or
different dielectric layers. If a titanium oxide layer is provided, it may in
certain example embodiments have a thickness of 0-30 nm, more preferably 5-
20 nm, and still more preferably about 7 nm. If a silicon oxynitride layer is
provided, it may in certain example embodiments have a refractive index of
1.5-1.9 or, more preferably, of about 1.6. Furthermore, if a silicon oxynitride
layer is provided, it may in certain example embodiments have a thickness of
0-80 nm, more preferably 10-50 nm, and still more preferably about 30 nm.
[0078] Although certain example embodiments have been described as
having a layer of AZO, other transparent conductive coatings may be used in
place of or in addition to the AZO. For example, transparent conductive oxide

(TCO) coatings such as ITO, indium gallium zinc oxide, indium gallium oxide,
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indium zinc oxide and/or combinations thereof may be used in place of, or in
addition to, the AZO.

[06079] In certain example embodiments, the entire contact assembly may
be post-deposition baked and/or heat treated. Such baking and/or heat treating
in certain example embodiments may be performed at a temperature of 200-
550 degrees C, more preferably about 400 degrees C. The baking and/or heat
treating may be performed in certain example embodiments for 1-30 minutes,
more preferably 10-30 minutes. Such baking and/or heat treating
advantageously may help increase transmission and conductivity, e.g., by
making some or all of the layers more crystallized. Baking and/or heat treating
may be performed before or after the etching, in different embodiments of this
invention.

[6080] In certain example embodiments, the AZO layer may have a haze
from 5-95%, more preferably at least about 40%.

[0081] Any suitable semiconductor may be used in connection with
different embodiments of this invention. For example, certain example
embodiments may incorporate an a-Si single-junction solar cell, an a-Si
tandem-junction solar cell, and/or the like. As alluded to above, the insertion
layers and/or the roughening via ion-beam treatment advantageously may help
serve as an etch stop, reducing the likelihood that craters produced during
etching will go all of the way through the AZO layer and form shorts. The
incorporation of the insertion layers and/or the roughening via ion-beam
treatment advantageously also may help overcome optical mismatch problems
as between the various layers in the overall solar cell.

[0082] As indicated above, certain example embodiments of this
invention incorporate micro-morph silicon semiconductors. Micro-morph solar
cells may comprise a semiconductor including at least two portions and/or
layers. Fig. 10 is an example micro-morph solar cell. Fig. 10 is similar to an a-
Si (amorphous silicon) solar cell, except that there are both an amorphous

silicon-based layer and a micro-crystalline silicon-based layer. Together, in
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certain example embodiments, these layers serve as the semiconductor for the
solar cell.

[0083] More specifically, Fig. 10 depicts front (light incident) glass
substrate/superstrate 1, TCO-based layer 3d, semiconductor 5, which includes
amorphous silicon (a-Si) layer/portion 5’ and micro-crystalline layer/portion
5°’, and back contact 7. The a-Si and micro-crystalline aspects of the
semiconductor may be separate and distinct layers, or portions of the same
layer, in different example embodiments. The specific composition of
elements 1, 3d, and 7 may be as described above.

[0084] Accordingly, in certain example according to this invention,
micro-morph silicon solar cells include at least two silicon layers (e.g., layers
or portions) — amorphous silicon 5* and micro-crystalline silicon 5°°~ combined
in one layer stack, to provide an efficient absorption of solar light.

[0085] In certain example embodiments, it may be advantageous to
provide a textured transparent conductive oxide layer 3d on the light incident
side of a semiconductor 5, e.g., in order to help increase the absorption of light
in the semiconductor, in turn improving the overall efficiency of the cell. This
is also the case with micro-morph solar cells.

[0086] In certain example embodiments, light in the range of up to about
1.2 micron may efficiently scattered by texturing certain layers, e.g., to form
features of comparable sizes. It is also desirable to increase the absorption of
the long-wave component (up to 1.2 micron) of solar light by the micro-
crystalline portion of the device.

[0087] Pyrolytic fluorine-doped tin oxide is available as a textured TCO
for light scattering. The pyramidal shape of the surface features of textured
fluorine-doped tin oxide may, however, be less than ideal in certain instances,
e.g., for the effective long-wave light scattering to shallow angles to the surface
of the coating. By contrast, in certain cases, craters formed during ZnO:Al
(¢.g., AZO) etching in a highly-diluted acid (for example, HCI) may have a

shape that provides for advantageous light scattering,
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[0088] In certain example embodiments, surface craters (e.g., features)
may be formed in ZnO:Al-based TCO layers by texturing the TCO surface by
placing it in contact with an acid (e.g., diluted acetic acid). The TCO layer(s)
may be deposited in a monolithic configuration and/or on a thin metal-based
transparent conductive coating (T'CC), according to different example
embodiments.

[0089] With sputtered ZnO:Al, acid texturing may result in the
formation of one size of the surface features, in certain example embodiments.
In certain cases, these surface features may be on the scale of several hundred
nanometers. One size of surface features may result in the effective scattering
of only one spectral region of the solar light. However, each layer/portion of
the semiconductor in a micro-morph solar cell may absorb light best at
different wavelengths of light. Thus, in certain instances, it will be appreciated
that only one surface feature size may result in lower micro-morph solar cell
efficiency compared to what would result from a situation where multiple
feature sizes are provided.

[0090] As explained above, in certain example embodiments
semiconductor layer(s) most efficiently absorb differing wavelengths of light,
depending on the materials the semiconductor comprises. Thus, in example
instances where a solar cell may have only one silicon layer, the TCO-based
layer may be textured with craters/features of a particular size. The size of the
features of the textured surface of the TCO may be selected and/or controlled
such that the selected size enhances the light scattering effect for light of a
particular wavelength.

[0091] In other words, light at varying wavelengths may scatter
particularly well when incident upon different sized features. The character of
the textured surface (e.g., the feature size) may be selected and/or controlled so
as to enhance the scattering effect of light at a particular wavelength, with the
wavelength (and thus feature size) being selected based on the material of the

semiconductor.
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[0092] Accordingly, by selecting and/or controlling the size(s) of the
feature(s) of the textured TCO surface, the absorption and efficiency of the
solar cell may be improved in certain example embodiments.

[0093] As alluded to above, when only one silicon-based layer is present
as a semiconductor-type layer 5 in a solar cell, the feature size may be selected
based on that layer. However, when two or more layers and/or portions of
layers are present, these layers (e.g., 5” and 5°’ in Fig. 10) may not absorb the
same wavelengths of light in the same manner. Thus, the feature size that
scatters a particular wavelength of light desirable for one type of silicon layer
(e.g., amorphous silicon 5°) may not be desirable and/or sufficient to improve
the absorption in another type of silicon layer (e.g., micro-crystalline silicon
577). Thus, it will be appreciated by those skilled in the art that it would be
advantageous in certain embodiments to be able to produce more than one type
of feature size in a textured TCO-based layer, so that the scattering of different
wavelengths of light can be enhanced by the same TCO-based layer.

[0094] It has been found that providing a textured TCO-based layer with
more than one type of feature size is particularly advantageous for micro-
morph silicon solar cells and/or other solar cells comprising multi-layered
semiconductors, wherein the feature sizes correspond to the wavelengths
effectively absorbed by the at least two layers and/or portions (1nicro-
crystalline and amorphous) of the micro-morph silicon solar cell.

[0095] Thus, in certain example embodiments, a textured layer and/or
coating with at least two feature sizes is provided, wherein at least one type of
feature is comparable in size to the wavelength of solar light absorbed by the
crystalline portion of the micro-morph thin-film silicon solar cell, and the other
type is comparable in size to the wavelength of solar light absorbed by the
amorphous portion of the micro-morph thin-film silicon solar cell.

[0096] In certain example embodiments, double-agent etchants may be
used, advantageously resulting in a texturing of a transparent conductive oxide
(TCO) layer that has different types of feature sizes. As indicated above, using

a TCO-based layer that is textured such that it has different feature sizes may
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improve the efficiency of the solar cell in some cases. In certain example
embodiments, using double-agent etchants and/or more than one type of
etchant may advantageously produce a TCO-based layer with more than one
type of feature size.

[0097] In certain embodiments, the TCO-based layer may comprise, or
consist essentially of, zinc oxide (e.g., Zn,O,). In other example embodiments,
the TCO-based layer may comprise, or consist essentially of, zinc oxide that is
doped. The dopant may be aluminum, gallium, boron, and/or any other
suitable materials. In certain example embodiments, the textured TCO-based
layer may comprise zinc oxide doped with from about 0.5 to 10% (wt. %) of
the dopant, and all sub-ranges therein, preferably from about 0.5 to 3%, more
preferably from about 1 to 2%, and in certain exemplary embodiments, the
TCO-based layer may comprise about 2% by weight of the dopant. In other
example embodiments, the TCO-based layer may comprise any appropriate
transparent conductive oxide.

[0098] The etching of the TCO-based layer(s) in certain example
embodiments may be textured by wet chemical techniques including, for
example, spraying, wet spraying, dipping, meniscus coating, etc., in different
example implementations. In some cases, the surface of the TCO-based layer
may be etched with a double-agent etchant, such as a mixture of two or more
acids.

[0099] The double-agent etchant, in certain example embodiments, may
comprise dilute acetic acid (e.g., CH;COOH) and ammonium chloride (e.g.,
NH,4CI). In certain example embodiments, the dilute acetic acid and
ammonium chloride may be in an aqueous solution. A double-agent etchant
comprising dilute acetic acid and ammonium chloride may be used for etching
any TCO-based layer. However, it has been advantageously found that when
using dilute acetic acid and ammonium chloride to texture a ZnO:Al-based
layer, the addition of the ammonium chloride may improve the size and
smoothness of the features on the textured surface and may also result in the

formation of a wider distribution of ZnO:Al feature sizes in certain example
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embodiments. In certain example embodiments, the ratio of ammonium
chloride to acetic acid in an aqueous solution ranges from (0.1-5%) NH4CI to
(0.5-10%) CH;COOH.

[00100] In certain example embodiments, the surface of a TCO-based
layer may be textured using a mixture of dilute acetic acid and phosphoric acid.
The phosphoric acid may be dilute, as well, in certain instances. In certain
example embodiments, the ratio of phosphoric acid to acetic acid in an aqueous
solution ranges from (0.1-5%) H3PO, to (0.5-10%) CH;COOH.

[00101] The feature sizes of the textured layer/film in different
embodiments may be from about 0.5 to 3 microns in width or diameter, more
preferably from about 0.7 to 1.2 microns, even more preferably from about 0.9
to 1.1 microns, and in certain exemplary embodiments, the features may be
about 1 micron in diameter. The height, measured from peak to valley, of the
features of the textured layer/film in different embodiments may be from about
0.01 to 1 micron, more preferably from about 0.03 to 0.5, even more preferably
from about 0.05 to 0.3, and most preferably from about 0.1 to 0.2, with an
example exemplary height being about 0.15 microns.

[00102] The TCO-based layer/film may be deposited on a float glass
substrate, in certain example embodiments. The float glass may have a reduced
iron content in other examples.

[00103] The TCO-based layer/film may further be provided over a glass
substrate coated with a thin, metallic, transparent conductive coating (TCC) in
other cases. An example of this arrangement is provided in Fig. 11. Fig. 11
shows a front glass substrate/superstrate 1. Optional dielectric layer(s) 2 may
be deposited over glass substrate 1. A thin, metal, transparent conductive layer
4a and/or coating may be deposited over dielectric layer(s) 2. An optional
buffer layer 4b may be provided between layer 4a and TCO-based layer 3d.
Other layers may be provided between the substrate and the TCO, and/or
elsewhere.

[00104] The TCO-based layer may be deposited via a magnetron target, in

certain embodiments. The target may be metallic or ceramic, in different
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implementations. The sputtering target may deposit via reactive sputtering in
further example embodiments. In various embodiments, the target may
comprise zinc, and optionally one or more of Al, Ga, B, and/or the like. In
other embodiments the target may further comprise oxygen.

[00105] In certain example embodiments, a textured TCO-based layer is
provided, wherein the surface of the TCO-based layer is textured with features
of at least two different sizes. In further example embodiments, the textured
surface of the TCO may have features of many different sizes.

[00106] Figs. 12a-b compare AFM and SEM images where single-agent
and double-agent etchants were used to texture the surface of magnetron-
sputtered ZnO:Al, respectively. More particularly, Fig. 12a shows AFM and
SEM images of the effect of a single-agent (diluted acid; e.g., HCI, acetic acid,
etc) on the textured surface of magnetron-sputtered ZnO:Al, whereas Fig. 12b
AFM and SEM images of the effect of a double-agent etchant (acetic acid and
phosphoric acids; acetic acid and ammonium chloride; etc) on the textured
surface of magnetron-sputtered ZnO:Al.

[00107] Certain example embodiments have been described in connection
with multiple agent etchants. Thus, it will be appreciated that such chemical
compositions may include two, three, or more etchants. For instance, in certain
example embodiments, acetic acid, phosphoric acid, ammonium chloride,
and/or other etchants may be used. Any suitable buffers may be used in
connection with the multiple etchants. HCI also may be used as an etchant in
certain example embodiments. The use of multiple etchants has been found to
be advantageous because the multiple etchants are able to attack different
directions of the crystal lattice, resulting in the creation of different types of
features suitable for improving light scattering in ways desirable for
semiconductors.

[00108] Acetic acid as a primary etchant has been found to be
advantageous in certain example embodiments because of its processability.
Indeed, acetic acid has a wider process window, scales well, and has a reduced

sensitivity to temperature changes (e.g., in a 30-40 degrees C example range) —
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especially as compared to HCI. Because acetic acid scales well, it may be used
over larger substrates. In addition, because it is a comparatively mild acid, it
does not have to be diluted to a very low concentration which often is difficult
to perform and control, e.g., when closed loop processing is performed. It also
may be comparatively less harmful, easier to remove salts and/or other
byproducts, etc.

[00109] As used herein, the terms “on,” “supported by,” and the like
should not be interpreted to mean that two elements are directly adjacent to one
another unless explicitly stated. In other words, a first layer may be said to be
“on” or “supported by” a second layer, even if there are one or more layers
therebetween.

[00110] 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 limited 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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WHAT IS CLAIMED IS:

1. A method of making a solar cell, the method comprising:

sputter-depositing a layer comprising zinc oxide on a glass substrate;

etching the layer comprising zinc oxide with at least a double-agent
etchant comprising at least two acids in order to texture a surface of the layer
comprising zinc oxide and in order to produce at least first and second feature
types having different respective feature sizes;

forming a first semiconductor layer comprising amorphous silicon,
directly or indirectly, on the layer comprising zinc oxide; and

forming a second semiconductor layer comprising micro-crystalline
silicon over and contacting the first semiconductor layer in making the solar

cell.

2. The method of claim 1, wherein at least one of the feature types

has a diameter of from about 0.7 to 1.2 microns.

3. The method of claim 2, wherein at least one of the feature types

has a diameter of from about 0.9 to 1.1 microns.

4. The method of any of the preceding claims, wherein at least one

of the feature types has a height of from about 0.05 to 0.3 microns.

5. The method of claim 4, wherein at least one of the feature types

has a height of from about 0.1 to 0.2 microns.

6. The method of any of the preceding claims, wherein the double-

agent etchant comprises dilute acetic acid and ammonium chloride.

7. The method of claim 6, wherein the ratio of ammonium chloride
to acetic acid in an aqueous solution ranges from (0.1-5%) NH4ClI to (0.5-10%)

CH;COOH.
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8. The method of any of the preceding claims, wherein the double-

agent etchant comprises dilute acetic acid and phosphoric acid.

9. The method of claim 8, wherein the ratio of phosphoric acid to
acetic acid in an aqueous solution ranges from (0.1-5%) H;PO, to (0.5-10%)

CH;COOH.

10.  The method of any of the preceding claims, wherein the double-

agent etchant comprises at least two weak acids.

11. The method of any of the preceding claims, wherein the layer
comprising zinc oxide is doped with a dopant in an amount of from about 0.5 to

10% by weight.

12. The method of any of the preceding claims, wherein the layer

comprising zinc oxide is doped with at least one of Al, Ga, and B.

13. A method of making a solar cell, the method comprising:

etching a layer comprising a transparent conductive oxide (TCO)
disposed on a glass substrate with an etchant comprising at least two acids in
order to texture a surface of the TCO-based layer;

forming a first semiconductor layer comprising amorphous silicon,
directly or indirectly, on the TCO-based layer; and

forming a second semiconductor layer comprising micro-crystalline
over and contacting the layer comprising amorphous silicon in making the solar
cell;

wherein the surface of the layer comprising the TCO, post-etching,
includes at least first and second feature types, the first feature type being sized

s0 as to scatter light in a first range corresponding to the first semiconductor
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layer and the second feature type being sized so as to scatter light in a second

range corresponding to the second semiconductor layer.

14.  The method of claim 13, wherein at least one of the feature types

has a diameter of from about 0.9 to 1.1 microns.

15.  The method of claim 13, wherein at least one of the feature types

has a height of from about 0.1 to 0.2 microns.

16.  The method of any of claims 13 through 15, wherein the etchant

comprises dilute acetic acid and ammonium chloride.

17.  The method of claim 16, wherein the ratio of ammonium chloride
to acetic acid in an aqueous solution ranges from (0.1-5%) NH,CI to (0.5-10%)
CH;COOH.

18.  The method of any of claims 13 through 17, wherein the etchant

comprises dilute acetic acid and phosphoric acid.

19.  The method of claim 18, wherein the ratio of phosphoric acid to
acetic acid in an aqueous solution ranges from (0.1-5%) H;POy to (0.5-10%)

CH,COOH.

20.  The method of any of claims 13 through 19, wherein the etchant

comprises at least two weak acids.
21.  The method of any of claims 13 through 20, wherein the TCO-

based layer is doped with at least one dopant in an amount of from about 0.5 to

10% (by weight).
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22.  The method of any of claims 13 through 21, wherein the TCO-
based layer is doped with at least one of Al, Ga, and B.

23. A solar cell comprising

a glass substrate;

a textured transparent conductive oxide (TCO)-based layer comprising
zinc oxide;

a first semiconductor layer comprising amorphous silicon; and

a second semiconductor layer comprising micro-crystalline silicon,

wherein the surface of the textured TCO-based layer includes at least
first and second feature types, the first feature type being sized so as to scatter
light in a first range corresponding to the first semiconductor layer and the
second feature type being sized so as to scatter light in a second range

corresponding to the second semiconductor layer.
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