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THREE-DIMENSIONAL CONDUCTIVE
ELECTRODE FOR SOLAR CELL

BACKGROUND
[0001] 1. Technical Field
[0002] The present invention relates to photovoltaic

devices, and more particularly to a device and method for
fabricating a photovoltaic device structure with a textured
electrode.

[0003] 2. Description of the Related Art

[0004] With growing concern about low cost clean energy,
solar power has again become a focal point for alternatives to
fossil fuel energy production. Solar energy, while clean and
sustainable, typically relies on expensive technologies for its
implementation. These technologies include the incorpora-
tion of integrated circuits or integrated circuit technology into
the fabrication of solar cells. The expense associated with
current solar panels is a strong disincentive from moving in
the direction of solar power.

[0005] Solar panels employ photovoltaic cells to generate
current flow. When a photon hits silicon, the photon may be
transmitted through the silicon, reflected off the surface, or
absorbed by the silicon if the photon energy is higher than the
silicon band gap value. This generates an electron-hole pair
and sometimes heat, depending on the band structure. The
greater the absorption the greater the efficiency of the cell.
[0006] Textured structures have been employed to increase
the absorption efficiency. However, challenges arise at sev-
eral points in the process. One such problem includes the
formation of a bottom electrode. A bottom electrode deposi-
tion occurs by forming a thick layer of electrode material and
deep reactive ion etching (DRIE) the material to attempt to
conform the bottom electrode material to the shape of the
underlying structure.

[0007] DRIE is a highly anisotropic etch process making
the formation of the bottom electrode highly sensitive to
thickness variations. A bottom electrode that is too thin
results in series resistance problems and affects the efficiency
of the solar cell.

SUMMARY

[0008] A photovoltaic device and method include forming
a plurality of pillar structures in a substrate, forming a first
electrode layer on the pillar structures and forming a continu-
ous three-dimensional (3D) photovoltaic stack including an
N-type layer, a P-type layer and an intrinsic layer on the first
electrode. A second electrode layer is deposited over the
photovoltaic stack such that gaps or fissures occur in the
second electrode layer between the pillar structures. The sec-
ond electrode layer is wet etched to open up the gaps or
fissures and reduce the second electrode layer to form a three-
dimensional electrode of substantially uniform thickness
over the 3D photovoltaic stack.

[0009] A method for forming a photovoltaic device
includes forming a plurality of pillar structures in a substrate;
forming a first electrode layer on the pillar structures; forming
a continuous photovoltaic stack including an N-type layer, a
P-type layer and an intrinsic layer on the first electrode;
depositing a second electrode layer over the photovoltaic
stack such that gaps or fissures occur in the second electrode
layer between the pillar structures; further depositing the
second electrode layer to enclose the fissures in the second
electrode layer; and wet etching the second electrode layer
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reduce the second electrode layer and form a three-dimen-
sional electrode over the photovoltaic stack.

[0010] A photovoltaic device includes a substrate layer
having a plurality of pillar structures formed therein, and a
first electrode formed over the substrate layer and extending
over the pillar structures. A continuous photovoltaic stack is
conformally formed over the first electrode, and a second
electrode is formed on the photovoltaic stack and includes
gaps between the pillar structures buried within the second
electrode.

[0011] These and other features and advantages will
become apparent from the following detailed description of
illustrative embodiments thereof, which is to be read in con-
nection with the accompanying drawings.

BRIEF DESCRIPTION OF DRAWINGS

[0012] The disclosure will provide details in the following
description of preferred embodiments with reference to the
following figures wherein:

[0013] FIG. 1 is a cross-sectional view of a photovoltaic
device having a plurality of pillar structures with a first elec-
trode and a photovoltaic stack formed thereon in accordance
with one embodiment;

[0014] FIG. 2 is a cross-sectional view of the photovoltaic
device of FIG. 1 having a second electrode formed with gaps
and fissures in accordance with one embodiment;

[0015] FIG. 3Aisacross-sectional view of the photovoltaic
device of FIG. 2 having the second electrode wet etched in
accordance with one embodiment;

[0016] FIG. 3B is a scanning electron microscope image of
the device after wet etching in FIG. 3A;

[0017] FIG. 4 is a cross-sectional view of the photovoltaic
device of FIG. 1 having a second electrode formed with gaps
and fissures enclosed by the second electrode layer in accor-
dance with another embodiment;

[0018] FIG.5A isacross-sectional view of the photovoltaic
device of FIG. 4 having the second electrode wet etched in
accordance with one embodiment;

[0019] FIG. 5B is a scanning electron microscope image of
the device after wet etching in FIG. 5A; and

[0020] FIG. 6 is a flow diagram showing methods for fab-
ricating a photovoltaic device in accordance with the present
principles.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0021] In accordance with the present principles, devices
and methods for fabricating photovoltaic devices are pro-
vided. The devices employ a substrate layer having prefabri-
cated structures configured to provide a vertical component of
a radiation absorption layer. The vertical component may
include a hill and trough structure having sides that carry the
light absorbing material. The sides provide a depth to increase
the likelihood of absorption of the radiation. In this way, the
structures provide an inexpensive method that does not
require expensive lithographic patterning and results in
higher absorption efficiency.

[0022] In one embodiment, after forming the active radia-
tion absorbing layers, a bottom electrode is formed by depos-
iting a thick layer of bottom electrode material followed by a
wet etch. The wet etch takes advantage of the geometric gaps
and crevices in the thick layer due to the underlying textured
structures to provide a more uniform and contoured bottom
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electrode. In another embodiment, the bottom electrode
material is formed so thick that the crevices and gaps are
buried.

[0023] Itis to be understood that the present invention will
be described in terms of given illustrative architectures for a
solar cell; however, other architectures, structures, substrate
materials and process features and steps may be varied within
the scope of the present invention. A circuit formed using
these structures as described herein may be part of a design
for an integrated circuit chip. The chip design may be created
in a graphical computer programming language, and stored in
a computer storage medium (such as a disk, tape, physical
hard drive, or virtual hard drive such as in a storage access
network). If the designer does not fabricate chips or the pho-
tolithographic masks used to fabricate chips, the designer
may transmit the resulting design by physical means (e.g., by
providing a copy of the storage medium storing the design) or
electronically (e.g., through the Internet) to such entities,
directly or indirectly. The stored design is then converted into
the appropriate format (e.g., GDSII) for the fabrication of
photolithographic masks, which typically include multiple
copies of the chip design in question that are to be formed on
a wafer. The photolithographic masks are utilized to define
areas of the wafer (and/or the layers thereon) to be etched or
otherwise processed.

[0024] Methods as described herein may be used in the
fabrication of integrated circuit chips and/or solar cells. The
resulting integrated circuit chips or cells can be distributed by
the fabricator in raw wafer form (that is, as a single wafer that
has multiple unpackaged chips), as a bare die, or in a pack-
aged form. In the latter case, the chip is mounted in a single
chip package (such as a plastic carrier, with leads that are
affixed to a motherboard or other higher level carrier) or in a
multichip package (such as a ceramic carrier that has either or
both surface interconnections or buried interconnections). In
any case the chip is then integrated with other chips, discrete
circuit elements, and/or other signal processing devices as
part of either (a) an intermediate product, such as a mother-
board, or (b) an end product. The end product can be any
product that includes photovoltaic devices, integrated circuit
chips with solar cells, ranging from toys, calculators, solar
collectors and other low-end applications to advanced prod-
ucts.

[0025] It will also be understood that when an element as a
layer, region or substrate is referred to as being “on” or “over”
another element, it can be directly on the other element or
intervening elements may also be present. In contrast, when
an element is referred to as being “directly on” or “directly
over” another element, there are no intervening elements
present. It will also be understood that when an element is
referred to as being “connected” or “coupled” to another
element, it can be directly connected or coupled to the other
element or intervening elements may be present. In contrast,
when an element is referred to as being “directly connected”
or “directly coupled” to another element, there are no inter-
vening elements present.

[0026] Referring now to the drawings in which like numer-
als represent the same or similar elements and initially to FIG.
1, an illustrative photovoltaic structure 100 is illustratively
depicted in accordance with one embodiment. The photovol-
taic structure 100 may be employed in solar cells, light sen-
sors or other photovoltaic applications. Structure 100
includes a substrate 102. The substrate 102 includes cone
shaped pillars 104. The pillars 104 may be fabricated by any
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number of processes, such as forming mechanical grooves,
employing a nanodot or other pattern and etching the sub-
strate, etc. The substrate 102 may include a silicon material, a
glass or other etchable transparent substrate material. A sili-
con substrate may include a single (monocrystalline) silicon
or a polycrystalline silicon (polysilicon). While other sub-
strate materials may be employed silicon based materials
including glass are preferred.

[0027] The pillars 104 assist in increasing the surface area
of absorption and provide for radiation trapping between the
pillars 104. The pillar structures may be constructed to
receive light with the pillars 104 facing out (e.g., toward the
light) or facing in. The pillars 104 increase the surface area
and therefore the collection efficiency in any incident light
direction as compared to a flat surface cell. The present
embodiments will be described in terms of the pillars 104
facing away from the incident light in a final device structure.
The pillars 104 may include a height or about one micron,
although larger or smaller pillars are contemplated.

[0028] A first electrode layer 106 is formed on pillars 104
by a deposition process. The first electrode layer 132 may
include a transparent conductive material such as a transpar-
ent conductive oxide (e.g., zinc oxide, indium tin oxide,
indium zinc oxide, etc.), ultra-thin metal (e.g., 20 nm or less
in thickness) or other conductive structure. The deposition
process may include a chemical vapor deposition (CVD)
process or other suitable deposition process. A p-i-n diode
stack 108 is formed over the first electrode 106. The stack 108
preferably includes a first doped layer (p-doped layer), and
intrinsic layer (i-layer) and a second doped layer (n-doped
layer). The stack 108 may be formed using a plasma enhanced
chemical vapor deposition (PECVD) process. The stack 108
provides active areas for absorbing radiation and converting
the radiation into charge flow as is known in the art. A plu-
rality of different materials may be selected for the layers in
stack 108. In one particularly useful embodiment, the first and
second doped layers may include doped polycrystalline/mi-
crocrystalline silicon and the intrinsic layer may include
undoped amorphous silicon. It should be understood that
other layers and features may be included, such as contact
layers, etc., or even multiple photovoltaic stacks may be
employed.

[0029] Referring to FIG. 2, a second electrode 110 is
formed on the stack 108. The second electrode 110 may
include a transparent conductive material such as a transpar-
ent conductive oxide (e.g., zinc oxide, doped zinc oxide, tin
oxide, a fluorine-doped tin oxide, indium tin oxide, indium
zinc oxide, etc.), metal or other conductive structure. The
deposition process may include a sputtering process, other
physical vapor deposition process or other suitable deposition
process. In this embodiment, second electrode 110 forms a
bottom electrode for the device 100.

[0030] In one embodiment, the bottom electrode 110
includes ZnO and is formed as deposited to a height, h, of
about 2 microns with the pillars 104 being about 1 micron in
width. The final etched thickness of the electrode 110 on the
pillars 104 is between about 100 nm and 500 nm. In this
embodiment, gaps/fissures/grain boundaries 112 form
between pillars 104, and will be employed to form a final
configuration of the bottom electrode 110 (FIG. 3A).

[0031] Referring to FIG. 3A, a wet etch process is
employed to reduce the size of the, as deposited, bottom
electrode 110 and to exploit the gaps/fissures 112. The wet
etching process results in a simultaneous reduction and nar-
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rowing of the shape of the bottom electrode 110 to provide a
more conforming profile. The wet etching process may
include a hydrochloric acid (HCl) although other etchants
may be employed, e.g., HF, HNO;, etc. In addition, the wet
etching process provides better process control for the bottom
electrode 110 thickness and is much more inexpensive than
deep reactive ion etching. The bottom electrode 110 in this
embodiment, forms a three-dimensional electrode and
includes a textured surface conforming with the between
pillars 104.

[0032] Additional layers may be formed before or on the
bottom electrode 110. These layers may include reflective
materials. A back reflector layer may be formed with a reflec-
tive surface to reflect transmitted light back toward the light
absorption layer. The surface preferably may include a highly
reflective material, such as silver (Ag), chromium (Cr), etc.
[0033] Referring to FIG. 3B, a scanning electron micro-
scope (SEM) image shows the results of the wet etch of FIG.
3A. The image of FIG. 3B is the result of a 1:200 HCI:H,O
wet etch for 20 seconds. Other wet etch solutions and etch
times may also be employed.

[0034] Referring to FIG. 4, a photovoltaic device 200 in
accordance with another embodiment is illustratively shown.
Beginning with the structure depicted in FIG. 1, a bottom
electrode layer 116 is deposited over the stack 108 on pillars
104. The deposition may be performed by sputtering or other
deposition process. The bottom electrode layer 116 includes
a sufficient thickness to enclose gaps/fissures 118. The bot-
tom electrode layer 116 may include a transparent conductive
oxide (TCO), such as, a tin oxide, a fluorine-doped tin oxide
(SnO,:F, or “FTO”), a zinc oxide, a doped zinc oxide (e.g.,
Zn0:Al), indium tin oxide (ITO) or other suitable materials.
The bottom electrode layer 116 may include an as deposited
height h, of between about 3 microns to about 5 microns. The
final thickness of the bottom electrode layer 116 in this
embodiment is about 3-4 microns.

[0035] Referring to FIG. 5A, the photovoltaic structure 200
may be subjected to a wet etch process as described above to
reduce the bottom electrode layer 116 to a desired thickness
and to further provide a contoured or textured surface 120
which may be employed to redirect incident radiation toward
light absorption layers in the stack 108. The bottom electrode
layer 116 in this embodiment forms a three-dimensional elec-
trode and includes a textured surface 120 and buried gaps/
fissures 118 between pillars 104.

[0036] Referring to FIG. 5B, a scanning electron micro-
scope (SEM) image shows the results of the wet etch of FIG.
5A. The image of FIG. 5B is the result of an HF etch for 20
minutes. Other wet etch solutions and etch times may also be
employed.

[0037] Referring to FIG. 6, methods for forming a photo-
voltaic device in accordance with illustrative embodiments
are illustratively shown. The flowchart/block diagram in the
FIG. 6 illustrates the architecture, functionality, and opera-
tion of possible implementations of methods according to
various embodiments of the present invention. It should be
noted that, in some alternative implementations, the functions
noted in the blocks may occur out of the order noted in the
figures. For example, two blocks shown in succession may, in
fact, be executed substantially concurrently, or the blocks
may sometimes be executed in the reverse order, depending
upon the functionality involved.

[0038] In block 202, a substrate layer is provided. In
attempting to reduce cost, the present principles prefer the use
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of a non-semiconductor substrate layer material. For
example, the substrate may include glass. In block 204, a
plurality of pillar structures are formed in the substrate. This
may include mechanically forming a plurality of grooves,
chemically etching the pillar structures, etc. The pillar struc-
tures preferably include a depth of less than about two
microns, more preferably one micron. Larger dimensions
may be employed; however, the active layers are preferably
nanoscale and a depth of about a micron is preferable. Other
methods include using 3D structuring such as embossing,
stamping, molding, etc. for forming pillars.

[0039] Inblock 206, a first electrode layer is formed on the
pillar structures. The first electrode layer may include a trans-
parent conductive oxide, an ultrathin metal or other transpar-
ent conductive material. The first electrode may be a few
nanometers thick, e.g., 5 nm-20 nm for ultrathin metal or
conductive materials that are non-transparent and 200
nm-300 nm for transparent conductive oxide. In block 208, a
continuous photovoltaic stack is formed on the first electrode.
The stack may include an N-type layer, a P-type layer and an
intrinsic layer disposed between the N and P-type layers.
Additional photovoltaic stacks and other layers may also be
formed on the continuous photovoltaic stack in block 210.
[0040] In one embodiment, in block 212, a second elec-
trode layer is formed over the photovoltaic stack(s) and
includes a thickness such that gaps or fissures occur in the
second electrode layer between the pillar structures. The
thickness of the second electrode layer may be greater than
one micron, and more preferably about 2 microns, although
thicker layers may be employed. The second electrode layer
preferably includes a transparent conductive oxide, such as
e.g., ZnO, and the transparent conductive oxide may be
applied by sputtering.

[0041] In block 214, the second electrode layer is wet
etched to open up the gaps or fissures and reduce the second
electrode layer to form a three-dimensional electrode of sub-
stantially uniform thickness over the photovoltaic stack. The
wet etching may include employing hydrochloric acid or the
like.

[0042] In another embodiment, in block 216, the second
electrode layer is further deposited to enclose the fissures in
the second electrode layer. The depositing includes a thick-
ness of between about 3 microns to about 5 microns. In block
218, the second electrode layer is wet etched to reduce the
second electrode layer and form a three-dimensional elec-
trode over the photovoltaic stack. The wet etching may
include employing hydrochloric acid or the like. In block 220,
additional processing may be performed including forming
additional layers or features.

[0043] Having described preferred embodiments for a
three-dimensional conductive electrode for a solar cell
(which are intended to be illustrative and not limiting), it is
noted that modifications and variations can be made by per-
sons skilled in the art in light of the above teachings. It is
therefore to be understood that changes may be made in the
particular embodiments disclosed which are within the scope
of the invention as outlined by the appended claims. Having
thus described aspects of the invention, with the details and
particularity required by the patent laws, what is claimed and
desired protected by Letters Patent is set forth in the appended
claims.

What is claimed is:

1. A method for forming a photovoltaic device, compris-
ing:
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forming a first electrode layer on cone shaped pillar struc-
tures, wherein the first electrode layer conforms with a
apex at the upper surface of the cone shaped pillar struc-
tures;
forming a photovoltaic stack that conforms with the apex at
the upper surface of the cone shaped pillar structures;

depositing a second electrode layer over the photovoltaic
stack such that gaps or fissures occur in the second
electrode layer between the pillar structures, wherein the
second electrode layer does not conform with the apex at
the upper surface of the cone shaped pillar to provide a
second electrode having a planar upper surface; and

etching the second electrode layer to open up the gaps or
fissures to form an electrode of substantially uniform
thickness over the photovoltaic stack, wherein the etch-
ing of the second electrode layer removes a portion of at
least the planar upper surface to conform the second
electrode layer to an entire surface of the continuous
photovoltaic stack.

2. The method as recited in claim 1, wherein the second
electrode layer includes a transparent conductive oxide and
the step of depositing includes depositing the second elec-
trode layer by sputtering.

3. The method as recited in claim 2, wherein the transparent
conductive oxide includes ZnO.
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4. The method as recited in claim 1, wherein the substrate
includes glass.

5. The method as recited in claim 1, wherein etching
includes employing hydrochloric acid.

6. The method as recited in claim 1, wherein depositing
includes depositing the second electrode layer to a thickness
of about 2 microns.

7. The method of claim 1, wherein the photovoltaic stack is
a p-i-n diode stack.

8. The method of claim 1, wherein the first electrode com-
prises ZnO.

9. The method of claim 7, wherein the p-i-n stack is formed
using PECVD.

10. The method of claim 7, wherein the p-i-n stack com-
prises a P-type layer comprised of polycrystalline or micro-
crystalline silicon.

11. The method of claim 7, wherein the p-i-n stack com-
prises an N-type layer of polycrystalline or microcrystalline
silicon.

12. The method of claim 7, wherein the p-i-n stack com-
prises an i-type layer of undoped amorphous silicon.

13. The method of claim 1, wherein the cone shaped pillar
structures have a height greater than 1 micron.
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