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(57) ABSTRACT

The present invention discloses thin film photovoltaic devices
comprising Group II-VI semiconductor layers with a sub-
strate configuration having an intertface layer between the
back electrode and the absorber layer capable of creating an
ohmic contact 1n the device.

The present invention discloses thin film photovoltaic devices
comprising Group II-VI semiconductor layers with a super-
strate configuration having an interface layer between the
back electrode and the absorber layer capable of creating an
ohmic contact in the device where the interface layer com-
prises nanoparticles or nanoparticles that are sintered.
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BACK CONTACT IN THIN FILM SOLAR
CELLS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional

Patent Application Ser. No. 61/070,006 filed Mar. 18, 2008
and U.S. Provisional Patent Application Ser. No. 61/069,952
filed Mar. 18, 2008, the contents of both applications are
hereby incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0002] Increasing o1l prices have heightened the impor-
tance of developing cost effective renewable energy. Signifi-
cant efforts are underway around the world to develop cost
elfective solar cells to harvest solar energy. In order for solar
cells to be cost effective with traditional sources of energy
solar cells must be manufactured at a cost well below $1/watt.
[0003] Current solar energy technologies can be broadly
categorized as crystalline silicon and thin film technologies.
Approximately 90% of the solar cells are made from sili-
con—single crystal silicon or polycrystalline silicon. Crys-
talline silicon (c-Si1) has been used as the light-absorbing
semiconductor 1n most solar cells, even though 1t 15 a rela-
tively poor absorber of light and requires a considerable
thickness (several hundred microns) of material. Neverthe-
less, 1t has proved convenient because 1t yields stable solar
modules with good efliciencies (13-18%, half to two-thirds of
the theoretical maximum) and uses process technology devel-
oped from the knowledge base of the microelectronics indus-
try. Silicon solar cells are very expensive with manufacturing,
cost above $3.50/watt. Manufacturing is mature and not ame-
nable for cost reduction.

[0004] Second generation solar cell technology 1s based on
thin films. Main thin film technologies are amorphous Sili-
con, Copper Indium Gallium Selenide (CIGS), and Cadmium
Telluride (CdTe).

[0005] Amorphous silicon (a-S1) was viewed as the “only”™
thin film PV material in the 1980s. But by the end of that
decade, and 1n the early 1990s, it was written oil by many
observers for its low efliciencies and instability. However,
amorphous silicon technology has made good progress
toward developing a very sophisticated solution to these prob-
lems: multijunction configurations. Now, commercial, mul-
tijunction a-S1 modules 1n the 7-9% efliciency range are being,
produced by several companies. A number of companies such
as Kaneka, Sharp, Schott Solar, Ersol, etc., are manufacturing
amorphous silicon solar cells on glass substrates by adopting
commercially proven CVD process to deposit a-S1 originally
developed for flat panel display manufacturing. Equipment
companies such as Applied Materials are offering turn-key
systems to manufacture a-S1 solar cells on glass substrates.
The key obstacles to a-S1 technology are low efficiencies,
light-induced efficiency degradation (which requires more
complicated cell designs such as multiple junctions), and
process costs (fabrication methods are vacuum-based and
tairly slow). United Solar has pioneered triple junction a-Si
solar cells on flexible stainless steel substrates. However, a-Si1
solar cells are expensive to manufacture (>$2.5/watt).

[0006] Thin film solar cells made from Copper Indium
Galllum Diselenide (CIGS) absorbers show promise 1n
achieving high conversion efficiencies of 10-12%. The record

high efficiency of CIGS solar cells (19.9% NREL) 1s by far
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the highest compared with those achieved by other thin film
technologies. These record breaking small area devices have
been fabricated using vacuum evaporation techniques which
are capital intensive and quite costly. A number of companies
(Honda, Showa Shell, Wurth Solar, Nanosolar, Miasole etc.)
are developing CIGS solar cells on glass substrates and flex-
ible substrates. However, 1t 1s very challenging to fabricate
CIGS thin films of uniform composition on large area sub-
strates. This limitation also affects the process yield, which
are generally quite low. Because of these limitations, imple-
mentation of evaporation techniques has not been successiul
for large-scale, low-cost commercial production of CIGS

solar cells. It 1s extremely unlikely that CIGS solar cells can
be produced below $1/watt manufacturing cost.

[0007] CdTe thin film solar cells are very simple to make
and have the potential to achieve lowest manufacturing cost
compared to all other solar cell technologies. Cdle solar cells
with 16.5% elliciency have been demonstrated by NREL.
First Solar based 1n Arizona 1s producing Cdle solar cells on
glass substrates at a manufacturing cost of $1.12/watt. First
Solar expects to reduce the cost to below $1/watt by the end of
2009 when 1t ramps up its annual manufacturing capacity to 1
GW. Further reduction 1n manufacturing cost of Cdle solar
cells 1s notreadily achievable because of relatively slow piece
by piece manufacturing process.

[0008] The prior art makes Cdle solar cells by depositing
CdTe on 3 mm thick glass substrates and encapsulated with a
second 3 mm cover glass. Hence they are produced by a slow
piece by piece manufacturing process. Further reduction in
manufacturing cost of CdTe solar cells to well below $1/watt
1s not readily achievable because of slow piece by piece
manufacturing process. These CdTe solar cells are also very
heavy and cannot be used for residential rooftop applica-
tions—one of the largest market segments of solar industry.
Opportunity exists to mnnovate by developing CdTe solar cell
on flexible substrate that can be manufactured by a continu-
ous roll to roll process to significantly reduce manufacturing
cost. Flexible solar cells will also be light weight making
them suitable for residential roof top applications which are
not accessible to CdTe on heavy glass substrates.

[0009] Conventionally CdTe solar cells are manufactured
1n a superstrate configuration with transparent substrates such
as glass substrates. Substrate configuration 1s required when
opaque substrates such as flexible metal fo1l substrates are
used for high volume production of CdTle devices. This
change 1n device configuration necessitates a substantial
deviation from the conventional back contact formation.

[0010] Toimprove electrical contact between CdTe and the
clectrode material 1n superstrate CdTe solar cells, a film of
Zn'Te has been deposited on CdTe using traditional physical

vapor deposition means, Studies of Zn'le Back Contacts to
CdS/CdTe Solar Cells T. A. Gessert, P. Sheldon, X. L1, D.

Dunlavy, D. Niles, R. Sasala, S. Albright and B. Zadler.
Presented at the 26th IEEE Photovoltaic Specialists Confer-
ence, September 29B. October 1997, the contents of which
are mcorporated herein by reference in 1ts entirety.

[0011] Another solution to improving the contact between
CdTe compounds and various electrode materials 1n super-
strate devices 1s by depositing copper-doped Zn'Te onto Cd Te,
see “Development of Cu-doped Znle as a back-contact inter-

face laver for thin-film CdS/Cdle solar cells.” T. A. Gessert,

A.R. Mason, P. Sheldon, A. B. Swartzlander, D. Niles, and T.
J. Coutts. Journal of Vacuum Science & Technology A:
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Vacuum, Surfaces, and Films May 1996 Volume 14, Issue 3,
pp. 806-812, the contents of which are hereby incorporated
by reference 1n 1ts entirety.

[0012] The difficulty 1n providing ohmic contacts to Group
I1-VI semiconductor absorber films 1s due to 1ts high work
function as there are no metals available with work function
higher than CdTe. In the prior art this problem 1s circum-
vented by forming pseudo-ohmic contacts which requires
treating a Group II-VI semiconductor surface with various
chemical etchants. Chemical etching methods are difficult to
control and if uncontrolled have the potential to etch grain
boundaries of the absorber semiconductor which can reduce
the efficiency of the solar cells. In a substrate configuration
solar cell, a thin layer cannot be created by the prior art
treatment of Group II-VI semiconductor compound layer
surfaces, since the Group II-VI semiconductor compound
layer 1s deposited after the metal deposition and not acces-
sible for such treatment. Accordingly there 1s a need for an
improved solar cell having increased efficiency due to the
improved ohmic contact between the absorber layer and the
metal electrode layer.

SUMMARY OF THE INVENTION

[0013] In one embodiment the present invention disclose a
photovoltaic device having a substrate configuration com-
prising a substrate, said substrate being transparent or
opaque, a metal electrode layer, a transparent conductor layer,
an absorber layer, said absorber layer comprising a Group
I1-VI semiconductor compound, a window layer, and an inter-
face layer, wherein the interface layer 1s disposed between the
metal electrode layer and the absorber layer such that an
ohmic contact 1s created between the metal electrode layer
and the absorber layer. In a preferred embodiment the
absorber layer comprises a CdTe semiconductor and the win-
dow layer comprises a CdS semiconductor. The interface
layer comprises a material selected from the group consisting
ol nanoparticles, nanoparticles that are sintered and a thin
f1lm. In one embodiment the nanoparticles, nanoparticles that
are sintered and a thin film comprise a material selected from
the group consisting of Group II-1V compounds, Group IV-
VI compounds, Group IV compounds, Group III-V com-
pounds and Group I-11I-VI compounds. In a more preferred
embodiment the nanoparticles, nanoparticles that are sintered
and a thin film each independently comprise a material
selected from the group consisting of Cu_Te where 1=x=2,
/Znle, p doped Znle, Cd, Te, where x=y, Cu doped Cdle,
CdZnTe, Sb,Te,, B1,Te, and Te metal. In one embodiment the
interface layer comprises a plurality of layers, said plurality
of layers comprising a first layer comprising p-doped Znle
nanoparticles, and a second layer comprising Zn'le nanopar-
ticles.

[0014] In another embodiment the interface layer further
comprises a third layer comprising Te metal nanoparticles
disposed between the second layer comprising ZnTe nano-
particles and the absorber layer.

[0015] In another embodiment the plurality of layers com-
prises a first layer comprising Cu, Te where 1 =x=2 nanopar-
ticles and a second layer comprising ZnTe nanoparticles. In
this embodiment there may also be an interface layer com-
prising a third layer disposed between the second layer and
the absorber layer, said third layer comprising a material
selected from the group consisting of Te metal nanoparticles,
Cd, Te, where x=y nanoparticles, and CdZnTe nanoparticles.
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[0016] In another embodiment the interface layer com-
prises at least three layers, wherein a first interface layer
comprises Cd,_ 7Zn_Te nanoparticles where x=0, a second
interface layer comprises Cd,_ 7Zn Te nanoparticles that are
sintered where x=1, and a third interface layer in between the
first and second interface layer said layer comprising Cd,_
x/n_Te nanoparticles that are sintered where 0=x=1.

[0017] In another embodiment the interface layer com-
prises a plurality of layers; said plurality of layers comprises
a first layer comprising p-doped Zn'Te nanoparticles that are
sintered and a second layer comprising Zn'le nanoparticles
that are sintered. In another embodiment the interface layer
turther comprises a third layer comprising Te metal nanopar-
ticles that are sintered disposed between the second layer
comprising Zn'le nanoparticles that are sintered and the
absorber layer. In another embodiment the interface layer
comprises a plurality of layers, and the plurality of layers
comprises a lirst layer comprising Cu, Te where 1=x=2
nanoparticles that are sintered and a second layer comprising
/n'Te nanoparticles that are sintered. Further, the interface
layer may comprises a third layer disposed between the sec-
ond layer and the absorber layer, said third layer comprises a
matenal selected from the group consisting of Te metal nano-
particles that are sintered, Cd, Te, where x=y nanoparticles
that are sintered, and CdZnTe nanoparticles that are sintered.

[0018] In another embodiment the interface layer com-
prises at least three layers, wherein a first interface layer
comprises Cd,_.Zn Te nanoparticles that are sintered where

x=0, a second 1nterface layer comprises Cd,_ Zn_Te nanopar-
ticles that are sintered where x=1, and a third interface layer
in between the first and second interface layer said layer
comprising Cd,_ Zn _Te nanoparticles that are sintered where
O=x=]1.

[0019] In another embodiment the interface layer com-
prises a plurality of layers, said plurality of layers comprises
a first layer comprising a p-doped ZnTe thin film, and a
second layer comprising a Zn'Te thin film. In another embodi-
ment the interface layer further comprises a third layer com-
prising a Te metal thin film disposed between the second layer
comprising a Zn'Te thin film and the absorber layer. In another
embodiment there 1s a plurality of layers comprising a first
layer comprising a Cu, Te where 1=x=2 thin film, and a
second layer comprising a Zn'Te thin film. In another embodi-
ment the mterface layer further comprises a third layer dis-
posed between the second layer and the absorber layer, and

said third layer comprises a material selected from the group
consisting of a Te metal thin film, a Cd, Te, where x=y thin

film, and a CdZnTe thin film.

[0020] In another embodiment the interface layer com-
prises at least three layers, wherein a first interface layer
comprises a Cd,_,Zn Te thin film where x=0, a second 1nter-
face layer comprises a Cd,_ Zn Te thin film where x=1,and a
third interface layer 1in between the first and second interface
layer said layer comprising a Cd,_ 7Zn Te thin film where
O=x=1.

[0021] In another embodiment there 1s disclosed a photo-
voltaic device having a superstate configuration comprising a
transparent substrate, a TCO layer, a window layer, an
absorber layer, an interface layer comprising nanoparticles or
nanoparticles that have been sintered, and an electrode. In one
embodiment the nanoparticles or nanoparticles that are sin-
tered independently comprise a material chosen from the
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group consisting ol Cu_Te where 1=x=2, ZnTe, p doped
/nTe, Cd, Te, where x=y, Cu doped Cdle, CdZnle, Sb,Te;,
Bi1,Te, and Te metal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] FIG. 1 shows a general schematic of a side view of
one embodiment of the mvention depicting a substrate solar
cell with ohmic contact interface layer

[0023] FIG. 2 shows a general schematic of a side view of
one embodiment of the mvention depicting a substrate con-
figuration Group II-VI semiconductor solar cell with ZnTe
and p-doped Zn'Te interface layers.

[0024] FIG. 3 shows a general schematic of a side view of
one embodiment of the imnvention depicting a substrate Cdle
solar cell with p-doped ZnTe, ZnTe and Cd, Te, where y>x
interface layers.

[0025] FIG. 4 shows a general schematic of a side view of
one embodiment of the invention depicting a substrate Cdle
solar cell with p-doped Zn'Te, ZnTe and Te interface layers.
[0026] FIG. 5 shows a general schematic of a side view of

—

one embodiment of the imnvention depicting a substrate Cdle
solar cell with Cu'le (which 1s CuTe where 1=x=2), ZnTe
and Te interface layers.

[0027] FIG. 6 shows a general schematic of a side view of

one embodiment of the imnvention depicting a substrate Cdle
solar cell with CuTe which 1s (Cu, Te where 1=x=2), ZnTe
and Cd, Te, where y>x interface layers.

[0028] FIG. 7 shows a general schematic of a side view of

one embodiment of the mvention depicting a substrate solar
cell with CuTe (which 1s Cule where 1=x=2), ZnTe and

CdZn’Te interface layers.

[0029] FIG. 8 shows a general schematic of a side view of
one embodiment of the invention depicting a superstrate solar
cell with an interface layer.

[0030] FIG.9 shows a general schematic of a side view of
one embodiment of the invention depicting a superstrate solar
cell with Zn'Te interface layers.

[0031] FIG. 10 shows a general schematic of a side view of
one embodiment of the invention depicting a superstrate solar
cell with Zn'Te and Te interface layers.

[0032] FIG. 11 shows a general schematic of a side view of
one embodiment of the invention depicting a superstrate solar
cell with ZnTe and Cd, Te, where y>X interface layers.
[0033] FIG. 12 shows a general schematic of a side view of
one embodiment of the invention depicting a superstrate solar
cell with ZnTe and CdZnTe interface layers.

DETAILED DESCRIPTION OF TH
EMBODIMENTS

L1

[0034] Retference will now be made 1n detail to some spe-
cific embodiments of the invention including the best modes
contemplated by the inventors for carrying out the ivention.
Examples of these specific embodiments are 1llustrated 1n the
accompanying drawings. While the invention 1s described 1n
conjunction with these specific embodiments, 1t will be
understood that 1t 1s not mntended to limit the invention to the
described embodiments. On the contrary, it 1s intended to
cover alternatives, modifications, and equivalents as may be
included within the spirit and scope of the mmvention as
defined by the appended claims. In the following description,
numerous specific details are set forth 1n order to provide a
thorough understanding of the present invention. The present
invention may be practiced without some or all of these spe-
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cific details. In this specification and the appended claims, the
singular forms “a,” “an,” and “the” include plural reference
unless the context clearly dictates otherwise. Unless defined
otherwise, all technical and scientific terms used herein have
the same meamng as commonly understood to one of ordi-

nary skill 1in the art to which this invention belongs.

[0035] ““Ohmic contact layer” and “Interface layer” as used
herein 1s meant to include a layer or plurality of layers that 1s
located between the metal electrode and absorber layer. Thus
by definition an “interface layer” includes a single layer as
well as a set of multiple layers which may be 1, 2, 3,4, 5or
more layers. The “interface layer” has been prepared so that
the current voltage (I-V) curve of the device 1s substantially
linear and symmetric. If the I-V characteristic 1s substantially
non-linear and asymmetric, the layer can instead be termed a
blocking or Schottky contact. Each layer or layers may inde-
pendently comprise a thin film, nanoparticles, sintered nano-
particles or a combination of one or more of the three. Also,
the invention contemplates that a plurality of ohmic contact
layers comprising nanoparticles of different chemical com-
positions can be sequentially deposited.

[0036] As used herein the metal electrode 1s also referred
top as a “back contact” or “electrode”.

[0037] By “photovoltaic device™ as used herein 1t 1s meant
a multilayered structure having the least amount of layers
necessary where 1n a working environment with proper leads
and connections 1s capable of converting light into electricity.
In one embodiment the device contains at least the following
layers in order: a substrate/electrode layer/interface layer/
absorber layer/window layer and a TCO layer and this struc-
ture 1s known 1n the art as a “substrate configuration”. In
another embodiment the photovoltaic device has a “super-
strate configuration” and the device has at least the following
layers 1n order: substrate/TCO/Window layer/absorber layer/
interface layer/electrode layer.

[0038] In a substrate configuration the substrate may be
transparent or opaque. In a preferred embodiment the sub-
strate comprises a metal and 1s opaque. The device may have
any further structure necessary to practically utilize the
device such as leads, connections, etc. The above preferred
embodiments of the present invention do not limit the order of
layers or deposition order of the photovoltaic device.

[0039] Nanoparticles or sintered nanoparticles usetul in the
present invention comprise compound semiconductors which
include Group I-VI, II-VI1, 1II-V and IV-VI compounds and
Group IV semiconductors. This also includes I-111-VI com-
pounds such as CIGS. CIGS 1s Culn, Ga, _ Se, where 0=x=1
and included herein 1s the family of maternials known in the art
as CIGS including CIS, CISe, CIGSe, CIGSSe. Spherical
nanoparticles used herein have a size between about 1-100
nm, preferably between about 2-20 nm. It 1s understood that
the instant invention contemplates that “nanoparticles™ as
used herein 1s not limited to spherical or substantially spheri-
cal particles but includes various shaped nanostructures such
as tetrapods, bentrod, nanowires, nanorods, particles, hollow
particles, single matenals, alloyed materials, homogeneous
and heterogeneous materials. The size of the nanoparticles 1s
variable but 1t 1s preferred that 1f the particle 1s an elongate
structure, 1.€. a nanorod, that the length of the nanorod have a
maximum length of about 100 nm and have a maximum
diameter of about 1-20 nm, preferably about 5 nm.

[0040] Nanoparticles or sintered nanoparticles according
to the instant mvention may have a core or core/shell or
core/shell/shell, or core/shell/shell/shell construction. The
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core and/or the shell can be a semiconductor material includ-
ing, but not limited to, those of the Group 1I-VI (ZnS, ZnSe,
ZnTe, CdS, CdSe, CdTe, HgS, HgSe, HgTe, MgTe and the
like) and I1I-V (GalN, GaP, GaAs, GaSb, InN, InP, InAs, InSb,
AlAs, AlP, AlISb, AlS, and the like), Group IV-V compounds,

and IV (Ge, S1) materials, and an alloy thereof, or a mixture
thereol. Type II heterostructures (see S. Kim, B. Fisher, H. J.
Eisler, M. Bawendi, Type-1I quantum dots: CdTe/CdSe(core/
shell) and CdSe/ZnTe(core/shell) heterostructures, J. Am.
Chem. Soc. 125 (2003)11466-11467, the contents of which

are mcorporated herein by reference) and alloyed quantum

dots (X. H. Zhong, Y. Y. Feng, W. Knoll, M. Y. Han, Alloyed
/n Cd, S nanocrystals with highly narrow luminescence
spectral width, J. Am. Chem. Soc. 125 (2003) 13559-13563

and R. E. Bailey, S. M. Nie, Alloyed semiconductor quantum
dots: tuning the optical properties without changing the par-
ticle size, J. Am. Chem. Soc. 125 (2003) 7100-7106, the

contents of both are incorporated herein by reference) are
considered suitable. The nanoparticles or sintered nanopar-
ticles may have coatings or ligands attached thereto. Most of
the maternials listed above are quantum confined. But the
invention does not require that the nanoparticles be quantum
coniined.

[0041] The invention contemplates that the nanoparticles
used herein may be sintered or unsintered. In one embodi-
ment of the present invention the nanoparticles are sintered or
partially sintered during manufacturing and thus and the
device comprises “sintered nanoparticles” or “nanoparticles
that are sintered”. Techniques and instruments for measuring,
the si1ze ol nanoparticles, sintered or partially sintered nano-
particles are known in the art. One of ordinary skill in the art
will appreciate that the sintering process will alter the mor-
phology, size and shape of the nanoparticles. Nanoparticle
interface layers according to this invention can be thermally
processed (1n air, 1nert or reducing atmosphere or vacuum) to
improve their electrical properties. Other sintering methods
include laser, rapid thermal processing, flash annealing and
similar techniques.

[0042] The present mnvention discloses the use of interface
layers comprising either thin films, nanoparticles and/or
nanoparticles that are sintered to achieve ohmic contact
between a Group II-VI semiconductor absorber layer(s) and a
back metal electrode in a photovoltaic device having a sub-
strate configuration. The present invention also discloses the
use of interface layers comprising nanoparticles and/or nano-
particles that are sintered to achieve ohmic contact between a
Group II-VI semiconductor absorber layer(s) and a back
metal electrode 1n a photovoltaic device having a superstrate
configuration. In one embodiment Cu _Te where 1=x=2,
/nTe, p doped ZnTe, Cd, Te, where x=y, Cu doped CdTe,
CdZnTe, Sb,Te,, B1,Te, and Te metal can be used 1n the
interface layer or layers to achieve ohmic back contact
between a Group II-VI semiconductor absorber layer and
back metal layer. It 1s preferred that Cd, Te, where x=y be a
compound where y>x thus having a tellurium rich CdTe
compound. Where the specification recites Cd(n)Ie(>n) this
means a tellurium rich CdTe compound. Where the specifi-
cation recites “p-doped ZnTe:Cu” this means that the dopant
1s Cu.

[0043] The absorber layer according to the present mven-
tion comprises a Group II-VI semiconductor compound,
preferably a Te containing Group II-VI semiconductor com-
pound, more preferably CdTe. The absorber layer may com-
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prise one layer or a plurality layers. The absorber layer(s) may
comprise a thin {ilm or nanoparticles or both.

[0044] In one embodiment of the present mvention tellu-
rium rich cadmium telluride nanoparticles can be prepared by
using colloidal nanoparticle synthetic methods well known in
the art and deposited as an interface layer according to one
embodiment of the present invention. Tellurium rich Cd, Te,
where y>x nanoparticles can be deposited before depositing a
CdTe layer 1n a substrate configuration to achieve ohmic
contact between CdTe and the back metal electrode. The prior
art teaches a superstrate configuration creation of a tellurium
rich thin layer on the electrode side of the absorber layer that
improves electrical contact between the electrode and the
Group 1I-VI semiconductor layer. This 1s accomplished by
etching the surface of the absorber layer with an acid (either
a mixture of nitric and phosphoric acids or a solution of
bromine in methanol), or aniline. This 1s believed to selec-
tively remove the Group 11 compound from the absorber layer
producing a Te-rich surface layer that promotes 1nter-diffu-
sion with the contact layer)

[0045] In another embodiment of the present invention a
thin film comprising tellurtum metal, Te metal nanoparticles
or sintered nanoparticles can be used as the interface layer(s).
Te metal nanoparticle layers can be prepared by colloidal
synthetic methods. Tellurmum metal nanoparticles can be
deposited prior to the absorber layer deposition to create a
tellurium rich iterface between the Group II-VI semicon-
ductor absorber layer and the back metal electrode. Alterna-
tively, thin (1 to 100 nm) layer(s) of elemental Te metal may
be deposited. Nanoparticle interface layers can be chemically
treated (for example by ligand exchange) to improve their
clectrical properties.

[0046] In another embodiment the invention contemplates
an interface layer(s) comprising a Zn'le thin film directly on a
substrate electrode material deposited using, for example,
physical vapor deposition means. In this embodiment Zn'Te
also serves as a barrier to Cu diffusion during thermal pro-
cessing when Cu 1s used 1in the device between the back metal
clectrode and the absorber layer. In another embodiment a
Zn'Te nanoparticle solution 1s deposited directly on a sub-
strate electrode. The ZnTe may be deposited as a colloidal
solution of Zn'le nanoparticles. By depositing thin (10-1500
nm) layer(s) of Zn'Te directly on the substrate electrode prior
to absorber layer deposition, one can improve the electrical
contact to this electrode. Solutions of zinc telluride nanopar-
ticles (Zn'le nanoparticles as used in this embodiment are
particles that are colloidal 1n nature and form dispersions in a
variety of solvents; 1n some forms, when quantum confined,
they are also known as quantum dots), are used to deposit
Zn'Te layers of any thickness in the described range. Their
synthesis has been reported 1n the literature, see 4 Novel
Chemical Route to Znle Semiconductor Nanorods Yadong
L1, Y1 Ding, Zhaoyu Wang Advanced Materials 11(10), Pages
84'7-850 (1999), the contents of which 1s hereby incorporated
by reference 1n 1its entirety. Because these materials are in
solution form, they can be deposited on a substrate by printing
techniques (inkjet printing, screen printing), spin coating,
spray coating, wet- or die-coating techniques, etc. The sol-
vent can be removed by a number of means including evapo-
rative (ambient temperature or thermal) treatments, solution
extraction, etc. In one embodiment of this invention undoped
Zn'Te 1s deposited at 400° C. or 500° C. or even higher to
prepare ZnTe thin films that are stable to high temperature
processing during CdTe deposition.
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[0047] In another embodiment Cu doped Zn'Te 1s used as
the ohmic contact interface layer. Typically the amount of
copper 1n the Zn'Te 1s 1n the range of less than 1 percent to 10
atomic percent. Copper 1s known to diffuse into Cdle
decreasing the absorption layer thickness, and thereby
improving the electrical contact between these materials;
although excessive Cu diffusion 1s detrimental to device per-
formance. In either a superstate or a substrate-configuration
CdTe solar cell, the Cu-doped ZnTe can be deposited by using
copper-doped ZnTe nanoparticles (or Cu, Te where 1=x=2
nanoparticles only). Nanoparticles of this composition can be
produced by exchanging limiting amounts of copper ions into
preformed ZnTe nanoparticles using the reported ion-ex-
change method, Cation Exchange Reactions in Ionic Nanoc-
rystals Dong Hee Son, Steven M. Hughes, Yadong Yin, A.
Paul Alivisatos Science 5 Nov. 2004, Vol. 306, No. 5698, pp.
1009-1012, the contents of which are incorporated herein by
reference.

[0048] Cu doped ZnTe thin films are readily prepared from
copper doped ZnTe targets by using physical vapor deposi-
tion methods known 1n the art. In one embodiment the present
invention contemplates copper doped ZnTe thin films depos-
ited on the back metal electrode followed by undoped ZnTe
thin films. In a superstrate configuration solar cell reported in
the prior art the Zn'Te and copper doped Zn'Te films are depos-
ited after depositing CdTe and do not undergo high tempera-
ture process above 300° C. According to the present invention
the ZnTe and copper doped Zn'Te are deposited prior to depo-
sition of CdTe which 1s normally deposited at temperature 1n
excess ol 400° C. or 500° C. or even higher. In a substrate
configuration ZnTe and copper doped ZnTe should withstand
process temperatures 1n excess of 400° C. or 500° C. or even
higher. A problem with the prior art 1s copper diffusion at high
temperatures. In the present mnvention the copper content of
/Zn'Te and the thickness of undoped ZnTe are adjusted to allow
Tust enough copper diffusion mnto CdTe but prevent excess
copper ditlusion that will be harmtul to device performance.

[0049] In another embodiment of the present invention Zn
ions can be used to exchange for Cu 1n preformed Cu, Te
where 1=x=2 nanoparticles. Ideally, the amount of copper
exchanged into the ZnTe nanoparticles 1s controlled in the
range of less than 1 percent to 10 atomic percent. Alterna-
tively, pure copper telluride nanoparticles can be mixed in
solution 1n a desired ratio (less than 1 percent to 10 atomic
percent) with pure zinc telluride nanoparticles, and deposited
using one of the liquid deposition methods listed above.
Optionally, the dried copper-doped Zn'le layer, or the copper
telluride/zinc telluride mixture can be thermally treated to
increase density or crystal grain size. Another option 1s to
modily the contact surface by treating 1t with a Cu-containing,
matenal, for example: Cu _Se, CuCl,, CuO, Cu, S, Cu OH,
with subsequent thermal annealing, prior to absorber deposi-
tion.

[0050] In another embodiment of the present invention a
thin Cu, Te where 1=x=2 layer 1s deposited 1n between back

metal and ZnTe thin film layer to control the amount of copper
that ends up 1n the CdTe layer.

[0051] In another embodiment of the present invention an
interface layer(s) ol p-doped ZnTe 1s deposited in between the
metal electrode layer and tellurium rich Cd, Te, where y>x (or
Tellurium metal layer) to improve ohmic contact in a sub-
strate configuration. Thin films, nanoparticles or sintered
nanoparticles of undoped Zn'le can be used between p-doped
/nTe nanoparticle layer and tellurtum rich Cd, 'Te , where y>x
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nanoparticle layer. Nanoparticle interface layers can be
chemically treated (for example by ligand exchange) to
improve their electrical properties. Nanoparticle interface
layers can be sintered (in air, 1nert or reactive atmosphere or
vacuum) to improve their electrical properties.

[0052] CdZnTe nanoparticles with various Cd:Zn ratios
can be prepared using a colloidal synthesis process. They can
be prepared as CdZnTe alloys or they can be prepared as core
shell nanoparticles (CdTe core with Zn'le shell or Zn'le core
with CdTe shell). For core-shell particles a thermal treatment
step can be used to convert them into ternary CdZnTe.
CdZnTe nanoparticles can be deposited before depositing an
absorber layer comprising a Group II-VI semiconductor com-
pound layer in a substrate configuration. Layers of p-doped
/Zn'Te can be used 1n between metal layer and CdZnTe layer to
improve ohmic contact in a substrate configuration. Thin
films, nanoparticles or sintered nanoparticles of undoped
Zn'Te can be used between p-doped Zn'Te nanoparticle layer
and CdZnTe nanoparticle layer.

[0053] The chemical composition of CdZnTe can be varied
by adjusting Cd:Zn ratio such that a gradient 1s formed start-
ing with pure or substantially pure Zn'le and ending with pure
or substantially pure CdTe next to the absorber layer. In
another embodiment the interface layer comprises at least
three layers, wherein a first interface layer comprises Cd,
x/n_Te nanoparticles that are sintered where x=0, a second
interface layer comprises Cd,_ 7Zn Te nanoparticles that are
sintered where x=1, and a third interface layer 1n between the
first and second interface layer said layer comprising Cd,_
x/n Te nanoparticles that are sintered where O=x=1. It 1s
preferred that 1n the third layer x=1.

Example 1

Substrate Solar Cell with Ohmic Contact Interface
Layer

[0054] In an embodiment of the present invention depicted
in FIG. 1, a substrate 100 1s coated with a metal electrode 110
followed by an ohmic contact interface layer 120. Group
II-VI absorber layer 130 1s deposited on top of ohmic contact
interface layer 120 followed by a window layer 140 and
transparent conductor 150. Substrate 100 can be opaque
metal foi1l (stainless steel, aluminum or copper), flexible
transparent polymer film (such as polyimide) or rigid trans-
parent glass (borosilicate or soda lime). The thickness of the
substrate can be 25-250 microns for flexible metal foils,
10-100 microns for flexible polymer films or 1-5 mm {for
glass. Metal electrode 110 can be Mo, Ti, N1, Al, Nb, W, Cr,
and Cu as non-limiting examples. Preferred 1s Mo, 11 or Ni.
The metal electrode layer thickness can range from 50 nm to
1,000 nm. The metal layer can be deposited by physical vapor
deposition techniques known in the art. An ohmic contact
interface layer 120 can be made of a thin film or nanoparticles
(sintered or unsintered) comprising Cu Te where 1=x=2,
/nTe, p doped Znle, Cd, Te, where x=y, Cu doped Cdle,
CdZnTe, Sb,Te,, B1,Te, and Te metal. Nanoparticles can be
deposited on metal layer 110 by well known wet coating
methods such as spin coating, slot die coating, roll coating,
spray coating, ink-jet printing etc. When using nanoparticles
or sintered nanoparticles as the interface layer 120 thickness
can be 1-1,000 nm, preferably between 10-100 nm. As non-
limiting examples of Group 1I-VI materials 1n the absorber
layer 130 there are CdTe, Zn'Te and/or Hg'le. This layer 1s

about 1-10micron thickness and can be deposited by methods
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known 1n the art such as close spaced sublimation, vapor
transport deposition, etc. The absorber layer comprising a
Group II-VI semiconductor compound 130 can be subjected
to CdCl, treatment well known 1n the art to increase the grain
s1ze. Absorber layer 130 can be chemically etched by meth-
ods well known 1n the art. A window layer 140 of 50-200 nm
1s deposited on top of the absorber layer by the methods well
known 1n the art such as chemical bath deposition, close space
sublimation, vapor transport deposition, etc. For this mven-
tion CdS 1s preferred as a window material. Window layer 140
can be thermally treated (200-500° C. for 10-30 minutes) to
improve the grain size and to achieve a good junction between
the absorber 130 and the window layer 140. A transparent
conductor layer 150 1s deposited on top of window layer 140
to complete the solar cell. Transparent conductor layer can be
50-1,000 nm comprising I'TO or ZnO or other known TCO
material known in the art. The TCO may be deposited by
physical vapor deposition methods well known 1n the art.
/n0O layer can consist of a resistive intrinsic ZnO layer and a
conductive metal (ex: aluminum) doped ZnO layer.

Example 2

[0055] Substrate Group 11-VI semiconductor solar cell with
Zn'Te and p-doped ZnTe interface layers. In an embodiment of
the present invention depicted 1n FIG. 2, a substrate 200 1s
coated with a metal electrode 210 followed by a p-doped
/nTe interface layer 220 and a ZnTe 230. Group II-VI
absorber layer 240 1s deposited on top of Zn'Te interface layer
230 followed by a window layer 250 and transparent conduc-
tor 260. Substrate 200 can be opaque metal foil (for example
stainless steel, aluminum or copper), a flexible transparent
polymer film (such as apolyimide) or arigid transparent glass
(such as borosilicate or soda lime). The p-doped ZnTe layer
220 can comprise copper doped ZnTe nanoparticles or sin-
tered nanoparticles (sintered or un-sintered) or thin films. The
p-doped ZnTelayer can also be obtained by a mixture of Zn'le
and Cu, Te where 1=x=2 nanoparticles. Copper content of
p-doped Zn'lTe layer 220 1s 1n the range of 1-10 atomic percent
of Copper. Intrinsic undoped ZnTe interface layer 230 1is
deposited on top of the p-doped Zn'le layer 220. The Group
II-VI material absorber layer 240 can be CdTe 1-10 microns
thick which can be deposited by methods well known 1n the
art such as close spaced sublimation, vapor transport deposi-
tion, etc. A window layer 250 of 50-200 nm 1s deposited on
top of the CdTe layer by the methods well known 1n the art
such as chemical bath deposition, close space sublimation,
vapor transport deposition, etc. A transparent conductor layer
260 15 deposited on top of window layer 250 to complete the
solar cell.

Example 3

[0056] Substrate solar cell with p-doped Zn'le, ZnTe and

Cd, Te, where y>X interface layers. In an embodiment of the
present invention depicted i FIG. 3, a substrate 300 1s coated
with a metal electrode 310 followed by a p-doped Zn'Te inter-
tace layer 320, a Zn'Te layer 330 and tellurrum rich Cd, Te,
where y>x nanoparticle layer 340. Tellurium contaiming,
Group II-VI semiconductor absorber layer 350 1s deposited
on top of Zn'le interface layer 330 followed by a window
layer 360 and transparent conductor 370. Substrate 300 can
be opaque metal foil (stainless steel, aluminum or copper),
tflexible transparent polymer film (such as polyimide) or rigid
transparent glass (borosilicate or soda lime). Thickness of the
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substrate 300 can be 25-250 microns for flexible metal foil,
10-100 microns for tlexible polymer film or 1-5 mm for glass.
Metal electrode 310 can be metals as disclosed herein. The
metal electrode thickness can range from 50 nm to 1,000 nm.
The p-doped ZnTe layer 320 can be copper doped Znle
nanoparticles or sintered nanoparticles or thin films. The
p-doped ZnTe nanoparticle layer 320 can also be obtained by
a mixture of ZnTe and Cu, Te where 1=x=2 nanoparticles.
Copper content of p-doped ZnTe layer 320 1s 1n the range of
about 1-10 atomic percent of Copper. Tellurium rich Cd, Te,
where y>x nanoparticles or sintered nanoparticles are
expected to improve back contact to CdTe much the same way
as wet chemical etching of CdTe used 1n traditional super-
strate Cdle solar cells improves back contact by creating
tellurium rich iterface. In a substrate configuration such
chemical etching methods cannot be used because the CdTe/
back metal interface 1s buried and not accessible. Tellurtum
rich nanoparticle layer Cd, Te ,where y>x used as proposed in
this invention 1s novel and enables the tellurium rich interface
at the buried CdTe back contact. Group II-VI absorber layer
350 can be Cdle of 1-10 micron thickness which can be
deposited by methods known 1n the art such as close spaced
sublimation, vapor transport deposition, etc. A window layer
360 o1 50-200 nm 1s deposited on top of the CdTe layer by the
methods known 1n the art such as chemical bath deposition,
close space sublimation, vapor transport deposition, etc.

Example 4

[0057] Substrate CdTe solar cell with p-doped Zn'Te, ZnTe
and Te interface layers. In an embodiment of the present
invention depicted in FIG. 4, a substrate 400 1s coated with a
metal electrode 410 followed by a p-doped Zn'le iterface
layer 420, a ZnTe layer 430 and tellurium layer 440. The
interface layers may comprise thin films or particles. Group
II-VI semiconductor absorber layer 450 1s deposited on top of
/Zn'Te nanoparticle interface layer 430 followed by a window
layer 460 and transparent conductor 470. Substrate 400 can
be opaque metal foil (stainless steel, aluminum or copper),
flexible transparent polymer film (such as polyimide) or rigid
transparent glass (borosilicate or soda lime). The p-doped
Zn'Te layer 420 can be copper doped Zn'Te nanoparticles or
sintered nanoparticles. The p-doped ZnTe layer can also be
obtained by a mixture of Znle and Cu, Te where 1=x=2
nanoparticles or sintered nanoparticles. Copper content of
p-doped ZnTe layer 420 1s in the range of 1-10 atomic percent
of Copper. Layers comprising nanoparticles or sintered nano-
particles 420, 430 and 440 have a thickness between 1-1,000

nm, preferably between 10-100 nm.

Example 5

[0058] Substrate CdIe solar cell with Cu Te where
1=x=2, ZnTe and Te interface layers. In an embodiment of
the present invention depicted 1n FIG. 5, a substrate 500 1s
coated with a metal electrode 510 followed by a Cu, 'Te where
1 =x=2 mterface layer 520, a ZnTe layer 330 and a tellurium
nanoparticle layer 540. Group II-VI absorber layer 550 1s
deposited on top of a Te interface layer 5340 followed by a
window layer 560 and transparent conductor 570. The p-type
layer 520 can be Cu_Te where 1=x=2 nanoparticles or sin-
tered nanoparticles or thin film.

Example 6

[0059] Substrate CdIe solar cell with Cu Te where
1=x=2, Znle and Cd, Te, where x=y interface layers. In an
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embodiment of the present invention depicted in FIG. 6, a
substrate 600 1s coated with ametal electrode 610 followed by
a Cu, Te where 1=x=2 mterface layer 620, Zn'le layer 630
and tellurtum nich Cd, Te, where y>x layer 640. Tellurium
contaiming II-VI absorber layer 650 1s deposited on top tellu-
rium rich Cd, Te  where x=y layer 640 followed by a window
layer 660 and transparent conductor 670.

Example 7

[0060] Substrate CdTe solar cell with Cu Te where
1=x=2, Zn'le and CdZnTe interface layers. In an embodi-
ment of the present invention depicted in FIG. 7, a substrate
700 15 coated with a metal electrode 710 tollowed by Cu_Te
where 1=x=2 interface layer 720, ZnTe layer 730 and
CdZnTe layer 740. Group II-VI absorber layer 750 1s depos-
ited on top of the CdZn’Te layer 740 followed by a window
layer 760 and transparent conductor 770.

Example 8

[0061] Superstrate solar cell with interface layer. In an
embodiment of the present invention depicted 1n FIG. 8 a
substrate 800 1s coated with a transparent conducting elec-
trode 810 followed by a window layer 820. Group II-VI
absorber layer 830 1s deposited on top of the window layer
820. An interface layer comprising nanoparticles or sintered
nanoparticles 840 1s deposited on top of the absorber layer
830 followed by metal electrode 850 layer to complete the
solar cell.

Example 9

[0062] Superstrate solar cell with ZnTe interface layers. In
an embodiment of the present invention depicted in FIG. 9 a
transparent substrate 900 1s coated with a transparent con-
ducting electrode 910 followed by a window layer 920. Pret-
erably the window layer comprises CdS. Group II-VI
absorber layer 930 1s deposited on top of window layer 920. A
Zn'Te interface layer 940 comprising nanoparticles or sintered
nanoparticles 1s deposited on top of absorber layer 930 fol-
lowed by a Zn'Te:Cu nanoparticle layer 950 followed by metal
clectrode 960 layer to complete the solar cell.

Example 10

[0063] Superstrate solar cell with Zn'le and Te interface
layer. In an embodiment of the present invention depicted 1n
FIG. 10 a substrate 1000 1s coated with a transparent conduct-
ing electrode 1010 followed by window layer 1020. Group
I1-V1 absorber layer 1030 1s deposited on top of window layer
1020. A 'Te nanoparticle interface layer 1040 1s deposited on
top of absorber layer 1030 followed by an undoped Znle
nanoparticle layer 1050 and a p-doped ZnTe:Cu nanoparticle
layer 1060 and metal electrode 1070 layer to complete the
solar cell.

Example 11

[0064] Superstrate solar cell with ZnTe and Cd, Te, where
x=y 1nterface layers. In an embodiment of the present mnven-
tion depicted in FIG. 11 a substrate 1100 1s coated with a
transparent conducting electrode 1110 followed by window
layer 1120. Group II-VI absorber layer 1130 1s deposited on
top of window layer 1120. A Tellurium rich Cd, Te, where
y>x 1nterface layer 1140 1s deposited on top of the absorber
layer 1130 followed by an undoped Zn'le layer 1150 and a
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p-doped ZnTe:Cu layer 1160 and metal electrode 1170 layer
to complete the solar cell. The interface layers in this embodi-
ment comprise nanoparticles or sintered nanoparticles.

Example 12

[0065] Superstrate solar cell with Zn'Te and CdZn’Te inter-
face layers. In an embodiment of the present invention
depicted 1 FIG. 12 a substrate 1200 1s coated with a trans-
parent conducting electrode 1210 followed by window layer
1220. Group II-VI absorber layer 1230 1s deposited on top of
CdS window layer 1210. A CdZnTe interface layer 1240 1s

deposited on top of CdTe layer followed by an undoped ZnTe
nanoparticle layer 1250 and a p-doped ZnTe:Cu layer 1260
and metal electrode 1270 layer to complete the solar cell. The
interface layers in this embodiment comprise nanoparticles or
sintered nanoparticles.

[0066] It 1s understood that the embodiments described
herein disclose only illustrative but not exhaustive examples
of the layered structures possible by the present ivention.
Intermediate and/or additional layers to those disclosed
herein are also contemplated and within the scope of the
present invention. Coating, sealing and other structural layers
are contemplated where end use of the photovoltaic device
warrants such construction.

[0067] All patents, publications and disclosures disclosed
herein are hereby incorporated by reference 1n their entirety
for all purposes.

1. (canceled
2. (canceled

3. (canceled
4. (canceled
5. (canceled
6. (canceled
7. (canceled
8. (canceled
9. (canceled
10. (canceled)
11. (canceled)
12. (canceled)
13. (canceled)
14. (canceled)
15. (canceled)
16. (canceled)
17. (canceled)
18. (canceled)
19. (canceled)
20. (canceled)
21. (canceled)
22. (canceled)
23. (canceled)

24. A photovoltaic device having a superstrate configura-
tion, comprising:

a substrate,

said substrate being transparent,

a metal electrode layer,

a transparent conductor layer,

an absorber layer,

said absorber layer comprising a Group 11-VI semiconduc-
tor compound,

a window layer, and

an interface layer comprising nanoparticles and/or nano-
particles that are sintered, and
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the interface layer 1s disposed between the metal electrode
layer and the absorber layer such that an ohmic contact
1s created between the metal electrode layer and the
absorber layer.

25. (canceled)

26. A photovoltaic device according claim 24, wherein:

said absorber layer comprises a CdTe semiconductor.

277. A photovoltaic device according claim 26, wherein:

said window layer comprises a CdS semiconductor.

28. A photovoltaic device as claimed 1n claim 24, wherein:

the interface layer comprises a plurality of layers, wherein:
said plurality of layers comprises a layer comprising a
thin film, and

said thin film comprises a material selected from the group
consisting of Group II-VI compounds, Group IV-VI
compounds, Group IV compounds, Group III-V com-
pounds and Group I-11I-VI compounds.

29. A photovoltaic device as claimed 1n claim 24, wherein:

the nanoparticles and/or nanoparticles that are sintered
cach independently comprise a material selected from
the group consisting of Group II-VI compounds, Group
IV-VI compounds, Group IV compounds, Group III-V
compounds and Group I-11I-VI compounds.

30. A photovoltaic device as claimed 1n claim 29, wherein:

the nanoparticles and/or nanoparticles that are sintered
independently comprise a material selected from the

group consisting ol Cu, Te where 1=x=2, Znle, p
doped ZnTe, Cd,le, where x=y, Cu doped CdTe,

CdZnTe, Sb,Te,, B1,Te, and Te metal.

31. A photovoltaic device as claimed 1n claim 30, wherein:

the nanoparticles and/or nanoparticles that are sintered
independently comprise a material selected from the
group consisting of Cd, Te,, where y>x and Cu doped
/nle.

32. A photovoltaic device as claimed 1n claim 24, wherein:

the interface layer comprises a plurality of layers.

33. A photovoltaic device as claimed 1n claim 24, wherein:

the interface layer comprises a plurality of layers,

said plurality of layers comprising a first layer comprising
p-doped ZnTe nanoparticles, and a second layer com-
prising Zn'le nanoparticles.

34. A photovoltaic device as claimed 1n claim 33, wherein:

the interface layer further comprises a third layer compris-
ing Te metal nanoparticles disposed between the second
layer comprising Znle nanoparticles and the absorber
layer.

35. A photovoltaic device as claimed 1n claim 24, wherein:

said interface layer comprises a plurality of layers,

said plurality of layers comprises a first layer comprising
Cu_Te where 1=x=2 nanoparticles,

and a second layer comprising ZnTe nanoparticles.
36. A photovoltaic device as claimed 1n claim 35, wherein:

the interface layer further comprises a third layer disposed
between the second layer and the absorber layer,
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said third layer comprising a material selected from the
group consisting of Te metal nanoparticles, Cd, Te,
where x=y nanoparticles and CdZnTe nanoparticles.

377. A photovoltaic device as claimed in claim 24, wherein:

the interface layer comprises at least three layers, wherein

a {irst interface layer comprises Cd,_.Zn_Te nanoparticles
that are sintered where x=0,

a second interface layer comprises Cd,_ 7Zn Te nanopar-
ticles that are sintered where x#0, and

a third interface layer 1n between the first and second inter-

face layer said layer comprising Cd,_ 7Zn_Te nanopar-
ticles that are sintered where 0=x=1.

38. A photovoltaic device as claimed in claim 24, wherein:

the 1interface layer comprises a plurality of layers,

said plurality of layers comprises a first layer comprising
p-doped Zn'Te nanoparticles that are sintered,

and a second layer comprising Zn'le nanoparticles that are
sintered.

39. A photovoltaic device as claimed 1n claim 38, wherein:

the interface layer further comprises a third layer compris-
ing Te metal nanoparticles that are sintered disposed
between the second layer comprising Zn'le nanopar-
ticles that are sintered and the absorber layer.

40. A photovoltaic device as claimed in claim 24, wherein:

said interface layer comprises a plurality of layers,

said plurality of layers comprises a first layer comprising
Cu_Te where 1=x=2 nanoparticles that are sintered,
and

a second layer comprising ZnTe nanoparticles that are
sintered.

41. A photovoltaic device as claimed in claim 40, wherein:

the interface layer turther comprises a third layer disposed
between the second layer and the absorber layer,

said third layer comprises a material selected from the
group consisting of Te metal nanoparticles that are sin-
tered, Cd, Te, where x=y nanoparticles that are sintered
and CdZnTe nanoparticles that are sintered.

42. A photovoltaic device as claimed in claim 24, wherein:

the interface layer comprises at least three layers, wherein

a first interface layer comprises Cd,_ Zn _Te nanoparticles
that are sintered where x=0,

second interface layer comprises Cd,_ Zn _Te nanoparticles
that are sintered where x#0, and

a third interface layer 1n between the first and second inter-
face layer said layer comprising Cd,_7Zn_Te nanopar-
ticles that are sintered where 0=x=1.

43. A photovoltaic device as claimed 1n claim 28, wherein:

said thin film comprises a material selected from the group
consisting of Cu, Te where 1=x=2, ZnTe, p doped
/nTe, Cd, Te, where x=y, Cu doped Cdle, CdZnTe,
Sb, Te,, B1,Te; and Te metal.

44 . A photovoltaic device as claimed in claim 43, wherein:

the 1nterface layer comprises a Te metal thin film.
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