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(57) Methods of making a photovoltaic (PV) cell are
disclosed. The methods comprise at least the steps of,
providing a first component (300) comprising a cadmium

telluride (CdTe) layer comprising an interfacial region
(304), and subjecting the first component to a function-
alizing treatment in the presence of a material comprising
copper.



EP 2 337 091 A2

2

5

10

15

20

25

30

35

40

45

50

55

Description

[0001] The invention relates generally to the area of
photovoltaic (PV) cells. More specifically, the invention
relates to methods of making PV cells having a photo-
active layer that includes cadmium telluride (CdTe). The
invention also relates to methods of p-type doping of
CdTe.
[0002] The solar spectrum "sunlight" contains a distri-
bution of intensity as a function of frequency. It can be
shown that the conversion efficiency for utilizing sunlight
to obtain electricity via semiconductors is optimized for
semiconducting band-gaps in the range vicinity between
about 1.4 to about 1.5 electron volt (eV). The semicon-
ducting band-gap of CdTe, is a good match for this re-
quirement.
[0003] p-type CdTe is currently one of the common
commercially used materials used in PV cells wherein
the photo-active material is CdTe. Quite generally, in the
interest of brevity of the discussions herein, PV cells in-
cluding p-type CdTe as the photo-active material may be
referred to as "CdTe PV cells." Similarly, PV installations
including CdTe PV cells would be referred to as "CdTe
PV installations." Commercial feasibility of large-scale
PV installations including p-type CdTe PV cells has been
demonstrated, and the cost of electricity obtained from
such large-scale p-type CdTe PV installations is ap-
proaching grid parity. Commercial feasibility of smaller
scale, that is, area confined, installations remains a chal-
lenge within the art due to the relatively poor overall ef-
ficiency of such smaller scale installations. Despite sig-
nificant academic and industrial research and develop-
ment effort, the best reported conversion efficiency "eB"
of p-type CdTe PV cells has been stagnant at about
16.5% for close to a decade. This best reported conver-
sion efficiency may be compared to the entitlement-effi-
ciency of CdTe PV cells for the solar energy spectrum,
which entitlement-efficiency is about 23%. The conver-
sion efficiency numbers may further be compared to the
"module" efficiency of typical currently available commer-
cial large-scale p-type CdTe PV installations, which mod-
ule efficiency is lower, and is about 11%.
[0004] Evidently, any improvement in p-type CdTe PV
cell efficiency will result in an improvement in overall ef-
ficiency of corresponding CdTe PV installations. Such
improvement will enhance the competitiveness of the
CdTe PV installations compared to traditional methods
of generating electricity, such as from natural gas or coal.
It is evident that improvement in overall efficiency will
enable p-type CdTe PV cell technology to successfully
penetrate markets where small-scale area confined in-
stallations are required, such as markets for domestic
PV installations.
[0005] Currently known methods for manufacturing p-
type CdTe PV cells on commercially viable soda-lime
glass substrates necessarily require relatively low tem-
perature processes (performed typically at temperatures
∼< 600 degrees Celsius (°C)). Such necessity for low

temperature processes, is one of the reasons why it has
not been possible to enhance p-type doping levels be-
yond a doping level "cM," wherein cM ∼5 x 1014 per cubic
centimeter (/cm3). The inability to achieve p-type doping
levels within CdTe, that are substantially in excess of cM,
is among the factors resulting in the current stagnation
of the conversion efficiencies at about eB.
[0006] There is a need within the art for methods of
fabrication via which improved p-type CdTe PV cells hav-
ing conversion efficiencies in excess of eM can be ob-
tained. For any such methods to be commercially feasi-
bly, they should be compatible with existing p-type CdTe
PV cell fabrication process requirements such as for in-
stance, the necessary requirement that the fabrication
be performed at the relatively low temperatures men-
tioned above.
[0007] Methods whereby enhanced p-type doping lev-
els within the photo-active CdTe material can be ob-
tained, which methods are yet compatible with extant p-
type CdTe PV cell fabrication processes, would therefore
be highly desirable.
[0008] One aspect of the present invention provides a
method of making a photovoltaic (PV) cell, said method
comprising the steps of, (a) providing a first component
comprising a cadmium telluride (CdTe) layer comprising
an interfacial region, (b) subjecting the first component
to a functionalizing treatment to obtain a first green com-
ponent, said functionalizing treatment comprising treat-
ing at least a portion of the interfacial region with a first
material comprising copper and a second material com-
prising chlorine, (c) subjecting the first green component
to a first annealing treatment to obtain a second green
component, (d) subjecting the second green component
to a processing treatment, and (e) disposing a second
component adjacent the CdTe layer to form the PV cell.
[0009] Another aspect provides a method for making
a photovoltaic cell, said method comprising the steps of,
(a) providing a first component comprising a cadmium
telluride (CdTe) layer comprising an interfacial region;
(b) subjecting the first component to a functionalizing
treatment to obtain a first green component, said func-
tionalizing treatment comprising soaking at least a por-
tion of the interfacial region in the presence of a first so-
lution comprising copper, (c) subjecting the first green
component to a first annealing treatment in the presence
of a second solution comprising chlorine to obtain a sec-
ond green component, (d) subjecting the second green
component to a processing treatment, and (e) disposing
a second component adjacent the CdTe layer to form the
photovoltaic cell.
[0010] Various advantages and features will be more
readily understood from the following detailed description
of preferred embodiments of the invention that is provid-
ed in connection with the accompanying drawings, in
which:

FIG. 1 is a flow-chart illustration of a method of mak-
ing a PV cell, according to one embodiment of the
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invention.

FIG. 2 is a flow-chart illustration of a method of mak-
ing a PV cell, according to one embodiment of the
invention.

FIG. 3 is a side-cross section view of a first compo-
nent, according to one aspect of the invention.

FIG. 4 is a side cross-section view of a PV cell, ac-
cording to one aspect of the invention.

FIG. 5 is a bar-chart of surface photo-voltage values
obtained on a series of second components, accord-
ing to one aspect of the invention.

FIG. 6 shows operational characteristics data of PV
cells, according to one aspect of the invention.

FIG. 7 is a bar-chart that compares the efficiency of
a PV module comprising PV cells made according
embodiments of the method disclosed herein, ac-
cording to one aspect of the invention.

FIG. 8 is a flow-chart illustration of a method of mak-
ing a PV cell, according to one embodiment of the
invention.

FIG. 9 is a flow-chart illustration of a method of p-
type doping CdTe, according to one embodiment of
the invention.

[0011] In the following description, whenever a partic-
ular aspect or feature of an embodiment of the invention
is said to comprise or consist of at least one element of
a group and combinations thereof, it is understood that
the aspect or feature may comprise or consist of any of
the elements of the group, either individually or in com-
bination with any of the other elements of that group.
[0012] When introducing elements of various embod-
iments of the present invention, the articles "a," "an,"
"the," and "said" are intended to mean that there are one
or more of the elements. The terms "comprising," "includ-
ing," and "having" are intended to be inclusive and mean
that there may be additional elements other than the list-
ed elements. Moreover, the use of "top," "bottom,"
"above," "below," and variations of these terms is made
for convenience, but does not require any particular ori-
entation of the components unless otherwise stated. As
used herein, the terms "disposed on" or "deposited over"
or "disposed between" refers to both secured or disposed
directly in contact with and indirectly by having interven-
ing layers therebetween.
[0013] As used herein, the term "adjacent," when used
in context of discussion of different regions and/or parts
of, for instance, a PV cell, may refer to the situation where
the regions and/or parts under discussion are immedi-
ately next to each other, or it may also refer to a situation

wherein intervening regions and/or parts are present be-
tween the regions and/or parts under discussion.
[0014] As used herein, the term "green," when used in
the context of a discussion of a physical entity, such as
a component, conveys that the entity is as yet in an in-
termediate stage of its manufacture, that is, one or more
of the steps of the method employed to make or obtain
the component, from the entity, have as yet not been
initiated or completed. For example, a "green compo-
nent" refers to a physical entity on which one or more
steps of the method of making the component, wherein
the obtained component displays desired or improved
levels of certain physical properties, such as, energy con-
version efficiency, have as yet not been performed.
[0015] As used herein, the term "interfacial region"
when used in context of discussion of a physical entity
refers to the region at, and in the vicinity of, any interface
that the physical entity has with the surrounding environ-
ment. It is to be understood that the interfacial region is
"exposed," in that, any entities present within the envi-
ronment, such as chemical agents present within the en-
vironment, have direct physical access to the interfacial
region.
[0016] As used herein, the term "functionalizing treat-
ment" when used in the context of discussion of a physical
entity such as a component or a green component, refers
to a treatment, including a chemical treatment and/or a
physical treatment of the physical entity, which treatment
results in a substantial change in one or more physical
properties, such as dopant concentration, or energy con-
version efficiency, of the physical entity. The functional-
izing treatment, may for instance, be performed as part
of a step of a method of making the component.
[0017] As discussed in detail below, various embodi-
ments of the invention are directed to improved methods
of making a photovoltaic (PV) cell wherein the photoac-
tive layer includes p-type cadmium telluride (CdTe). The
photoactive layer is the part of the PV cell where the
electromagnetic energy of incident light occurs, for in-
stance sunlight, is converted to electrical energy (that is,
to electrical current). Quite generally, in the discussions
herein it will be understood that, the term "p-type CdTe
PV cell," or simply "CdTe PV cell" or "PV cell," will refer
to a PV cell wherein the photoactive layer includes p-type
CdTe. Embodiments of the invention disclosed herein
provide also for improved methods of p-type doping of
CdTe.
[0018] An issue of significance in the context of current
generation p-type CdTe PV cells, is that, despite several
years of research and development work by the industry
and academia, it has not been possible to enhance p-
type doping levels within the CdTe layer beyond about
cM ∼5 x 1014 /cm3. This is among the reasons that have
limited the best-reported efficiencies for p-type CdTe PV
cells to about eB ∼16.5%.
[0019] The relatively low temperature processing con-
ditions (typically ∼< 500 degrees Celsius (°C)) needed
for the fabrication of p-type CdTe PV cells is among the
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reasons why it has not been possible to enhance p-type
doping levels within CdTe. This in turn has hampered the
development of p-type CdTe PV cells with efficiencies
approaching the entitlement-efficiency (∼23%) of CdTe
PV cells for the solar energy spectrum. Quite generally,
embodiments of the invention proposed herein also in-
clude methods of p-type doping CdTe, whereby p-type
doping levels are enhanced.
[0020] As discussed in detail below at least in relation
to FIGS. 1-2, and FIG. 8, embodiments of the invention
disclosed herein provide methods for making improved
PV cells. FIGS. 5-7 show representative data of opera-
tional parameters obtained on p-type PV cells fabricated
according to the embodiments of the presently disclosed
methods. Furthermore, as discussed in detail in relation
to FIG. 9, embodiments of the invention disclosed herein
provide methods for achieving p-type doping levels within
CdTe, enhanced over currently demonstrated p-type
doping levels within CdTe.
[0021] FIG. 1 is a flow-chart illustration of a method
100 of making a PV cell, according to one embodiment
of the invention. The method 100 includes a step 102 of
providing a first component including a CdTe layer in-
cluding an interfacial region. This is to be followed by a
step 104 of subjecting the first component to a function-
alizing treatment to obtain a first green component,
wherein the functionalizing treatment comprises treating
at least a portion of the interfacial region with a first ma-
terial comprising copper and a second material compris-
ing chlorine. This is to be followed by a step 106 of sub-
jecting the first green component to a first annealing treat-
ment to obtain a second green component. This is to be
followed by a step 108 of subjecting the second green
component to a processing treatment (discussed below).
This is to followed by a step 110 of disposing a second
component adjacent the CdTe layer to form the PV cell.
Fabrication protocols via which one may obtain first com-
ponent embodiments compatible for use during method
100 would be known to one of skill in the art. A non-
limiting fabrication protocol is discussed further below.
[0022] In one embodiment of the invention, the first
component provided in step 102 includes a layer includ-
ing at least one transparent conducting oxide. Non-lim-
iting examples of suitable transparent conducting oxides
include, aluminum doped zinc oxide, indium tin oxide,
fluorine tin oxide, cadmium tin oxide, or combinations
thereof. In one embodiment of the invention, the first com-
ponent provided in step 102 includes a layer including at
least one high resistance oxide. Non-limiting examples
of suitable high resistance oxides include, zinc tin oxide,
aluminum oxide, tin oxide, gallium oxide, silicon oxide,
indium oxide, or combinations thereof. In one embodi-
ment of the invention, the first component provided in
step 102 includes a layer including cadmium sulphide.
[0023] In particular embodiments of the invention, the
second material provided in step 104 includes cadmium
chloride. Based on experiments, some representative re-
sults of which experiments are presented in FIGS. 4-7,

in one embodiment of the invention, a ratio of an amount
of the first material to an amount of the second material,
which first material and second material are as recited in
step 104, lies within the range from about 0.01 parts per
million (ppm) to about 100 ppm. In another embodiment
of the invention, a ratio of an amount of the first material
to an amount of the second material, which first material
and second material are as recited in step 104, lies within
the range from about 0.1 ppm to about 20 ppm. In yet
another embodiment of the invention, a ratio of an amount
of the first material to an amount of the second material,
which first material and second material are as recited in
step 104, lies within the range from about 0.5 ppm to
about 5 ppm.
[0024] In one embodiment of the invention, the first
annealing treatment as recited in step 106 is performed
at temperatures that lie within a range from about 300
degrees Celsius (°C) to about 500 °C. In another embod-
iment of the invention, the first annealing treatment re-
cited in step 106 is performed at temperatures that lie
within a range from about 350 °C to about 450 °C. In yet
another embodiment of the invention, the first annealing
treatment recited in step 106 is performed at tempera-
tures that lie within a range from about 375 °C to about
425 °C. In one embodiment of the invention, the first an-
nealing treatment recited in step 106 is performed for a
time period that lies within a range from about 1 minute
to about 60 minutes. In another embodiment of the in-
vention, the first annealing treatment recited in step 106
is performed for a time period that lies within a range from
about 5 minutes to about 40 minutes. In another embod-
iment of the invention, the first annealing treatment re-
cited in step 106 is performed for a time period that lies
within a range from about 10 minutes to about 20 minutes.
In particular embodiments of the invention, the first an-
nealing treatment recited in step 106 is performed so that
an environment of the first green component during the
first annealing treatment comprises an oxidizing environ-
ment. Non-limiting examples of oxidizing environments
include air. It is likely that at a least a portion of the CdTe
layer, as provided during step 102, is rendered substan-
tially p-type after the performance of step 106.
[0025] In particular embodiments of the invention, the
processing treatment performed during step 108 in-
cludes a soaking treatment. In more particular embodi-
ments of the invention, the soaking treatment includes
the use of a solvent including ethylene di-amine (EDA).
In particular embodiments of the invention, the process-
ing treatment performed during step 108 includes depo-
sition of a copper layer on at least a portion of the inter-
facial region. In particular embodiments of the invention,
the processing treatment performed during step 108 in-
cludes a second annealing treatment.
[0026] In particular embodiments of the invention, the
second component provided in step 110 includes a back-
contact layer. In more particular embodiments of the in-
vention, the back-contact layer includes a plurality of lay-
ers. In such specific embodiments of the invention where-
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in the back-contact layer includes a plurality of layers,
the back-contact may be assembled or disposed layer-
by-layer, (that is, each layer of the plurality of layers is
disposed sequentially), adjacent the CdTe layer. A non-
limiting example of such layer-by-layer, or sequential as-
sembly of the back-contact layer includes a procedure
whereby each of the plurality of layers is disposed one
after another adjacent the CdTe layer. Non-limiting ex-
amples of methods via which the second component may
be assembled or disposed adjacent the CdTe layer in-
clude deposition methods including at least one of screen
printing, sputtering, evaporating, electroplating, elec-
trodepositing, or electroless plating.
[0027] As discussed, embodiments of the invention in-
clude a back-contact layer comprising a plurality of lay-
ers. In one non-limiting embodiment, the back-contact
comprises three layers, wherein, the first of the three lay-
ers comprises graphite deposited via a method compris-
ing at least one of screen printing; the second of the three
layers comprises a metal deposited via a method com-
prising at least one of sputtering, evaporating, electro-
plating, or electroless plating; and the third of the three
layers comprises an electrode layer comprising a metal
comprising at least one of aluminum, nickel, palladium,
titanium, molybdenum, chromium, or gold, and is depos-
ited via a method comprising at least one of sputtering,
evaporating, electroplating, or electroless plating. In an-
other non-limiting embodiment, the back-contact com-
prises two layers, wherein, the first of the two layers com-
prises at least one of zinc tellurium (for example, ZnTe),
antimony tellurium (for example, Sb2Te3), arsenic tellu-
rium (for example, As2Te3), tellurium (Te), or copper tel-
lurium (for example, CuxTe, wherein ’x’ lies between one
and two) deposited via a method comprising at least one
of sputtering, evaporating, electrodeposition, or electro-
less plating; and the second of the two layers comprises
a metal comprising at least one of aluminum, nickel, pal-
ladium, titanium, molybdenum, chromium, or gold, and
is deposited via a method comprising at least one of sput-
tering, evaporating, electroplating, or electroless plating.
In yet another non-limiting embodiment, the back-contact
comprises a single layer, wherein the single layer com-
prises a metal comprising at least one of aluminum, nick-
el, palladium, titanium, molybdenum, chromium, or gold,
and is deposited via a method comprising at least one of
sputtering, evaporating, electroplating, or electroless
plating.
[0028] FIG. 2 is a flow-chart illustration of a method
200 of making a PV cell, according to one embodiment
of the invention. The method 200 includes a step 202 of
providing a first component comprising a CdTe layer
comprising an interfacial region. This is to be followed by
a step 204 of subjecting the first component to a func-
tionalizing treatment to obtain a first green component,
the functionalizing treatment comprising soaking at least
a portion of the interfacial region in the presence of a first
solution comprising copper. This is to be followed by a
step 206 of subjecting the first green component to a first

annealing treatment in the presence of a second solution
comprising chlorine to obtain a second green component.
This is to be followed by a step 208 of subjecting the
second green component to a processing treatment. This
is to be followed by a step 210 of disposing a second
component adjacent the CdTe layer to form the PV cell.
[0029] In one embodiment of the invention, the first
component provided in step 202 includes a layer com-
prising at least one transparent conducting oxide. Non-
limiting examples of suitable transparent conducting ox-
ides include, aluminum doped zinc oxide, indium tin ox-
ide, fluorine tin oxide, cadmium tin oxide, or combinations
thereof. In one embodiment of the invention, the first com-
ponent provided in step 202 comprises a layer including
at least one high resistance oxide. Non-limiting examples
of suitable high resistance oxides include, zinc tin oxide,
aluminum oxide, tin oxide, gallium oxide, sil icon oxide,
indium oxide, or combinations thereof. In one embodi-
ment of the invention, the first component provided in
step 202 comprises a layer including cadmium sulphide.
[0030] In particular embodiments of the invention, the
first solution recited in step 204 includes a solvent. A non-
limiting example of a suitable solvent includes EDA. In
more particular embodiments of the invention, a concen-
tration of copper within the first solution, as recited in step
204, should lie within the range from about 0.01 ppm to
about 100 ppm.
[0031] In particular embodiments of the invention, the
first annealing treatment recited in step 206 is performed
at temperatures that lie within a range from about 300 °C
to about 500 °C. In particular embodiments of the inven-
tion, the first annealing treatment recited in step 206 is
performed for a time period that lies within a range from
about 1 minute to about 60 minutes. In particular embod-
iments of the invention, the first annealing treatment re-
cited in step 206 is performed so that an environment of
the first green component during the first annealing treat-
ment comprises an oxidizing environment. It is likely that
the CdTe layer provided during step 202 is rendered sub-
stantially p-type after performance of step 206.
[0032] In particular embodiments of the invention, the
processing treatment performed during step 208 in-
cludes a soaking treatment. In more particular embodi-
ments of the invention, the soaking treatment includes
the use of an solvent including EDA. In particular embod-
iments of the invention, the processing treatment per-
formed during step 208 includes deposition of a copper
layer on at least a portion of the interfacial region. In par-
ticular embodiments of the invention, the processing
treatment performed during step 208 includes a second
annealing treatment.
[0033] In particular embodiments of the invention, the
second component provided in step 210 includes a back-
contact layer. In more particular embodiments of the in-
vention, the back-contact layer includes a plurality of lay-
ers. In such specific embodiments of the invention where-
in the back-contact layer includes a plurality of layers,
the back-contact may be assembled step-by-step, or se-
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quentially, adjacent the CdTe layer. A non-limiting exam-
ple of such step-by-step, or sequential, assembly of the
back-contact layer includes a procedure whereby each
of the plurality of layers is disposed one after another,
adjacent the CdTe layer. Non-limiting examples of meth-
ods via which the second component may be disposed
adjacent the CdTe layer include deposition methods in-
cluding at least one of screen printing, sputtering, evap-
orating, electroplating, electrodepositing, or electroless
plating.
[0034] Considering for instance method 100, and not
to be limited to any particular explanation or theory, it is
likely that the chlorine as recited in step 104 of method
100, acts as a fluxing agent, whereby the chlorine helps
in reducing a temperature that is required for recrystali-
zation and grain growth, of the CdTe provided as part of
the first component during step 102, during the first an-
nealing treatment as recited in step 106, which recrys-
talization and grain growth likely result in an enhance-
ment of the electronic properties of the CdTe.
[0035] A representative non-limiting fabrication proto-
col via which one may obtain first component embodi-
ments compatible for use during methods 100 or 200 is
now discussed. A "batch" of first components is typically
obtained or "cut" from the same sheet. A representative
non-limiting fabrication protocol via which a sheet may
be fabricated is now presented: a commercially available
substrate comprising soda lime glass and having a layer
comprising fluorine doped tin oxide deposited on its sur-
face was provided. On the layer comprising fluorine
doped tin oxide was deposited a layer comprising a high
resistance oxide comprising zinc tin oxide approximately
1000 angstroms (A) in thickness via reactive sputtering
using direct current in an oxygen ambient having pres-
sure between about 1 milli Torr (mT) to about 5 mT. The
target used for the deposition of the layer comprising zinc
tin oxide had a composition of approximately 5% zinc by
weight and approximately 95% tin by weight. On the layer
comprising zinc tin oxide was further deposited a layer
comprising cadmium sulphide (CdS) approximately 1000
Å in thickness via radio frequency (RF) sputtering in an
argon ambient having pressure between about 5 mT to
about 15 mT. On the layer comprising CdS was deposited
a layer comprising cadmium telluride (CdTe) approxi-
mately 3 micrometers in thickness via a modified close-
spaced sublimation (CSS) method wherein the substrate
temperature was maintained between about 400 °C to
about 600 °C. It is mentioned that the CSS method used
herein differs from more standard CSS methods known
within the art in at least one respect, whereby a distance
between the location where the material (in the present
instance, CdTe) is to be deposited and the source of the
material is on the order of tens of centimeters, whereas
in more standard CSS methods, this distance is on the
order of millimeters. It is remarked that alternate proto-
cols, for instance, protocols in which deposition of the
layer comprising a high resistance oxide is omitted, may
also be used to obtain sheets that are compatible for use

within embodiments of the present invention. It is re-
marked that, first components fabricated via other known
fabrication methods are also compatible for use within
embodiments of the invention disclosed herein.
[0036] Again, considering for instance, the method
100: not to be limited to any particular explanation or
theory, when the first component provided during step
102 comprises a layer comprising cadmium sulphide
(CdS), then it is likely that the chlorine as recited in step
104 of method 100, helps in an intermixing of the CdTe
(also provided during step 102) and the CdS, so that a
layer comprising CdSxTe1-x, (where, ’x’ lies between zero
and one) is formed along the interface region between
the CdTe and the CdS. Not to be limited to any particular
explanation or theory, it is likely that the presence of the
layer comprising CdSxTe1-x enhances the minority car-
rier lifetime in the CdTe. Furthermore, it is also likely that
the chlorine acts as a p-type dopant within the CdTe. It
is also likely that the chlorine getters defects to the grain
boundaries within the CdTe layer. Evidently, these dis-
cussions remain substantially applicable for other em-
bodiments of the invention disclosed herein, in particular,
these discussions are applicable for method 200.
[0037] FIG. 3 is a side-cross section view of a first com-
ponent 300 as recited within the methods 100, 200. The
first component 300 includes a CdTe layer 302 compris-
ing an interfacial region 304. As discussed herein, the
first component may further include additional layers. For
instance, the first component 300 includes four additional
layers 306, 308, 310, 313, wherein the layer 306 com-
prises CdS, the layer 308 comprises at least one high
resistance oxide, the layer 310 comprises at least one
transparent conducting oxide, and layer 313 comprises
a transparent substrate comprising glass. Surface 315
of the layer 313 may be configured to receive a light en-
ergy flux (not shown; see FIG. 4, reference numeral 417).
These aspects of the invention will be discussed in more
detail in context at least of FIG. 4.
[0038] FIG. 4 is a side cross-section view of a PV cell
400 made according to embodiments of the methods re-
cited herein, for instance, methods 100, 200. The PV cell
400 includes a first component 402 (similar to first com-
ponent 300) including a CdTe layer 404. The first com-
ponent 402 further includes additional layers 406, 408,
and 410, wherein layer 406 comprises CdS, layer 408
comprises at least one high resistance oxide, and layer
410 comprising at least one transparent conducting ox-
ide, and 413 comprises a transparent substrate, for ex-
ample glass. The PV cell 400 further includes a second
component 412. It is clarified that, even though the sec-
ond component 412 shown in FIG. 4 includes only a sin-
gle layer, second components including multiple layers
fall within the purview of the present invention. For in-
stance, the second component 412 may comprise a
back-contact layer, wherein the back-contact layer com-
prises a plurality of layers. Based on the discussions
herein, those of skill in the art may now appreciate that,
before the second component 412 is disposed adjacent
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to the CdTe layer 404 (for instance, as per methods 100,
200) to realize the PV cell as shown in FIG. 4, the inter-
facial region (akin to interfacial region 308; see FIG. 3)
of the first component 402 is subjected to treatments as
recited in, for instance, steps 104, 106, and 108, or as
recited, for instance, in steps 204, 206, 208. Surface 415
of the layer 413 may be configured to receive a light en-
ergy flux 417, at least a portion of which light energy flux
417, when it continues on to the layer 404, results in the
photo-generation of charge carriers (electrons and
holes), that is, results in the photovoltaic action of the PV
cell 400.
[0039] FIGS. 5-6 show that the operational character-
istics, such as surface photo-voltage (SPV) (FIG. 5), or
current-voltage characteristics (FIG. 6) of PV cells ob-
tained via methods 100, 200, and equivalent and gener-
alized methods thereof (discussed in relation to FIGS.
8-9), are enhanced over the operational characteristics
of PV cells obtained via conventional fabrication methods
known within the art. FIG. 6 compares the energy con-
version efficiency of module incorporating PV cells ob-
tained via methods 100, 200, to the energy conversion
efficiency of modules incorporating PV cells obtained
conventional methods known in the art.
[0040] FIG. 5 is a bar-chart 500 of SPV values plotted
along the ordinate 510 for a series of "second" compo-
nents, each of which series of first components were sub-
jected to an illumination of about one Sun, or about 100
milli watts per square centimeter. Each of the first com-
ponents was substantially similar since they were ob-
tained or "cut" from the same sheet which sheet was
obtained as per the discussions presented earlier.
[0041] Consider for instance, bars 502 and 504. Bar
502 represents SPV value data obtained on a first com-
ponent that was subjected to a soaking treatment using
EDA solution. No subsequent exposure to copper was
provided. The resulting obtained component was then
subjected to a treatment with cadmium chloride. The
treatment with cadmium chloride was performed for
about 20 minutes at a temperature of about 400 °C. The
SPV value represented by bar 502 was obtained on the
thus obtained second component after the treatment with
cadmium chloride. Consider now, the bar 504, which rep-
resents SPV value data obtained on a first component
that was neither subjected to any soaking treatment, nor
to any treatment with a solution containing chlorine, as
was the case for the first component corresponding to
bar 502. It is clear that the SPV values represented by
both bars 502 and 504, respectively at about 689 milli
volts, and about 690 milli volts, are substantially the
same. In other words, it is reasonably established that
the SPV values are substantially unaffected by any soak-
ing treatment.
[0042] Consider now the bars 506 and 508. Bar 506
represents SPV value data obtained on a first green com-
ponent that was obtained from a first component that was
subjected to treatments as recited in steps 104 and 106
of method 100. For instance, as part of performance of

step 104, the first component was subjected to a func-
tionalizing treatment to obtain a first green component,
the functionalizing treatment comprising treating at least
a portion of the interfacial region with a first material com-
prising copper and a second material comprising cadmi-
um chloride. As part of performance of step 106, the first
green component was further subjected to a first anneal-
ing treatment in air for about 20 minutes at a temperature
of about 400 degrees Celsius to obtain a second green
component. Bar 508 represents SPV value data obtained
on a first green component that was obtained from a first
component that was subjected to treatments as recited
in steps 204 of method 200. For instance, as part of per-
formance of step 204, the first component was subjected
to a functionalizing treatment to obtain a first green com-
ponent, the functionalizing treatment comprising soaking
at least a portion of the interfacial region in the presence
of a first solution comprising EDA and copper. As part of
performance of step 206, the first green component was
further subjected to a first annealing treatment in air for
about 20 minutes at a temperature of about 400 °C to
obtain a second green component. The SPV values rep-
resented by both bars 506 and 508, respectively at about
775 milli volts, and at about 797volts, are substantially
higher than the baseline SPV values represented by bars
502 or 504, respectively.
[0043] It is evident from a comparison of bars 502, 504,
with bar 506, or with bar 508, that the presence of the
copper during the performance of the functionalizing
treatment significantly enhances the SPV value obtain-
able from the resulting second green component. Those
of skill in the art would appreciate that this enhancement
in SPV value will likely result in an enhancement of the
efficiency of a PV cell that includes such a second green
component.
[0044] FIG. 6 shows data that compares the effect on
operational characteristics (for instance, current-voltage
"J-V" characteristics), due the use of different amounts
of copper during performance of step 104. FIG. 6 show
current voltage "J-V" data sets 602, 604, and 606 ob-
tained on three PV cells that were made via embodiments
of the method 100, wherein differing amounts of copper
were was used during the performance of step 104.
[0045] The PV cells of FIG. 6 included first components
that were obtained from a sheet that was substantially
similarly prepared as the sheet from which the first com-
ponents were obtained in the example of FIG. 5. Accord-
ingly, three first components was subjected to treatments
according to method 100 wherein, a concentration of cop-
per within a first material (during performance of an em-
bodiment of step 104) was about 0 parts per million (ppm)
(FIG. 6, data represented via reference numeral 602),
that is, no copper was added to the first solution, about
1.5 ppm (FIG. 6, data represented via reference numeral
604), and about 4.5 ppm (FIG. 6, data represented via
reference numeral 606) respectively, to obtain respective
first green components. Following the performance of
step 104, in accordance with an embodiment of step 106,
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the obtained respective first green components were
subjected to first annealing treatment at about 400 °C for
about 20 minutes in the presence of a cadmium chloride
solution to obtain respective second green components.
Following said performance of an embodiment of step
106, in accordance with an embodiment of step 108, the
respective second green components were subjected to
a processing treatment wherein a copper layer is depos-
ited on the interfacial region. The processing treatment
further comprised a second annealing treatment, of the
second green component with the copper layer deposited
on the interfacial region, at a temperature of about 170
°C for about 12 minutes. Following said performance of
an embodiment of step 108, in accordance with an em-
bodiment of step 110, a back-contact layer comprising
graphite was deposited adjacent the CdTe layer. The
back-contact layer included electrodes comprising nickel
and aluminum. Standard laser scribing processes were
used to fashion said electrodes.
[0046] FIG. 6 shows J-V data-sets with the current "J"
obtained being plotted along the ordinate 608 as a func-
tion of the voltage "V" along abscissa 610, for a given PV
cell. For the particular data-sets shown in FIG. 6, the
corresponding PV cells were illuminated over an aperture
area of about 125 square centimeters, and with an illu-
mination intensity of about one Sun. Beyond a voltage
value of about 0.8 volts, it is evident from FIG. 6 that the
amount of current obtainable for a given voltage for the
PV cell corresponding to the data-set 604 is enhanced
relative to the PV cell corresponding to the data-set 602.
Similarly, beyond a voltage value of about 0.8 volts, it is
evident that the amount of current obtainable for a given
voltage for the PV cell corresponding to the data-set 606
is enhanced relative to the PV cell corresponding to the
data-set 604. In other words, as evidenced by the trend
in the J-V characteristics shown in FIG. 6, the operational
characteristics of PV cells are a function of the amount
of copper used during performance of step 104.
[0047] FIG. 7 is a bar-chart that compares the efficien-
cy of a PV module comprising PV cells made according
to an embodiment of the method 200, to the efficiency of
a PV module comprising PV cells similarly made, without
undergoing the functionalizing treatment of method 200.
Each of the PV modules corresponding to the bars 702
and 704 had a total area of about 7200 square centime-
ters. It is evident that the performance of the functional-
izing treatment to the PV cells results in an enhancement
of the efficiency from a value of about 4.8% to about 8%.
Since there is a well-known direct positive correlation be-
tween the current obtainable for a given voltage from a
particular PV cell, and the efficiency of the same PV cell,
a gestalt assessment of the data presented in FIGS. 6-7,
would make evident to one of skill in the art, that the
functionalizing treatment in the presence of copper dur-
ing the fabrication of PV cells according the embodiments
of the presently invented method, for instance, method
200, results in PV cells with enhanced efficiency.
[0048] Based at least on the methods presented in

FIGS. 1-2, and the experimental results presented in
FIGS. 5-7, it may now be evident that the presence of a
p-type dopant (such as copper) during an annealing treat-
ment (for instance, the first annealing treatment as recit-
ed in step 106, or in step 206) substantially results in
enhanced p-type doping levels within a CdTe layer (for
instance, the CdTe layer recited in step 102, or in step
202), which enhancement in turn enables the realization
of p-type CdTe PV cells having efficiencies enhanced
over the efficiencies of currently available p-type CdTe
PV cells. Non-limiting examples of p-type dopants suit-
able for use within embodiments of the present invention
include copper phosphorus, arsenic, antimony, gold, sil-
ver, and bismuth. Non-limiting examples of halogens suit-
able for use within embodiments of the present invention
include chlorine.
[0049] FIG. 8 is a flow-chart illustration of another
method 800 of making a PV cell, according to one em-
bodiment of the invention. The method 800 includes a
step 802 of providing a first component comprising a
CdTe layer comprising an interfacial region. This is to be
followed by a step 804 of subjecting the CdTe layer to a
functionalizing treatment to obtain a green component,
the functionalizing treatment comprising a thermal treat-
ment of at least a portion of the interfacial region in the
presence of a first material comprising a p-type dopant,
and of a second material comprising a halogen, wherein
the functionalizing treatment effects an incorporation of
the p-type dopant into at least a portion of the CdTe layer.
In other words, it is likely that the CdTe layer provided
during step 802 is rendered substantially p-type after per-
formance of step 804. This is to be followed by step 806
of subjecting the green component to a processing treat-
ment. This is to be followed by step 808 of disposing a
second component adjacent the CdTe layer to form the
PV cell.
[0050] In one embodiment of the invention, the first
component provided in step 802 includes a layer includ-
ing at least one transparent conducting oxide. Non-lim-
iting examples of suitable transparent conducting oxides
include, aluminum doped zinc oxide, indium tin oxide,
fluorine tin oxide, cadmium tin oxide, or combinations
thereof. In one embodiment of the invention, the first com-
ponent provided in step 802 includes a layer including at
least one high resistance oxide. Non-limiting examples
of suitable high resistance oxides include, zinc tin oxide,
aluminum oxide, tin oxide, gallium oxide, silicon oxide,
indium oxide, or combinations thereof. In one embodi-
ment of the invention, the first component provided in
step 802 includes a layer including cadmium sulphide. It
is mentioned that the methods via which one may obtain
first component embodiments compatible for use during
method 100 or method 200 (discussed earlier) are also
substantially applicable to obtain first component embod-
iments compatible for use with method 800, or with meth-
od 900 (discussed below).
[0051] In particular embodiments of the invention, the
second material provided in step 804 includes cadmium
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chloride, hydrochloric acid, chlorine gas, or combinations
thereof. Based on experiments, representative results of
which experiments are presented in FIGS. 5-7, in more
particular embodiments of the invention, a ratio of an
amount of the first material to an amount of the second
material, as recited during step 804, lies within the range
from about 0.01 ppm to about 100 ppm.
[0052] In particular embodiments of the invention the
thermal treatment recited in step 804 includes a first an-
nealing treatment. In particular embodiments of the in-
vention, said first annealing treatment is performed at
temperatures that lie within a range from about 1 minute
to about 60 minutes. In particular embodiments of the
invention, said first annealing treatment recited is per-
formed so that an environment of the green component
during the first annealing treatment comprises an oxidiz-
ing environment.
[0053] In particular embodiments of the invention, the
processing treatment performed during step 806 in-
cludes a soaking treatment. In more particular embodi-
ments of the invention, the soaking treatment includes
the use of a solvent including at least one of EDA, a dilute
solution of bromine in methanol, or a mixture of nitric acid
and phosphoric acid. In particular embodiments of the
invention, the processing treatment performed during
step 806 includes deposition of a copper layer on at least
a portion of the interfacial region (for instance, interfacial
region 308). In particular embodiments of the invention,
the processing treatment performed during step 806 in-
cludes a second annealing treatment.
[0054] In particular embodiments of the invention, the
second component provided in step 808 includes a back-
contact layer. In more particular embodiments of the in-
vention, the back-contact layer includes a plurality of lay-
ers. In such specific embodiments of the invention where-
in the back-contact layer includes a plurality of layers,
the back-contact may be assembled layer-by-layer, that
is, sequentially, adjacent the CdTe layer. A non-limiting
example of such layer-by-layer or sequential assembly
of the back-contact layer includes a procedure whereby
each of the plurality of layers is disposed one after an-
other adjacent the CdTe layer. Non-limiting examples of
methods via which the second component, or compo-
nents layers thereof, may be disposed adjacent the CdTe
layer include deposition methods including at least one
of screen printing, sputtering, evaporating, electroplat-
ing, electrodepositing, or electroless plating.
[0055] Based at least on the methods presented in
FIGS. 1-2, and 8, and the experimental results presented
in FIGS. 5-7, it may now be evident of one of skill in the
art that, quite generally, the presence of a p-type dopant
during an annealing treatment (for instance, the first an-
nealing treatment as recited in step 106, or in step 206)
can be utilized to obtain enhanced p-type doping levels
within a CdTe layer (for instance, the CdTe layer recited
in step 102, or in step 202).
[0056] FIG. 9 is a flow-chart illustration of a method
900 of p-type doping CdTe, according to one embodi-

ment of the invention. The method 900 includes a step
902 of providing a first component including CdTe includ-
ing an interfacial region. This is to be followed by a step
904 of subjecting the CdTe to a functionalizing treatment
to obtain p-type doped CdTe, the functionalizing treat-
ment comprising a thermal treatment of at least a portion
of the interfacial region in the presence of a first material
comprising a p-type dopant, and of a second material
comprising a halogen. In particular embodiments of the
invention, the functionalizing treatment recited in step
904 includes depositing the first material on at least a
portion of the interfacial region prior to the thermal treat-
ment.
[0057] In particular embodiments of the invention a
physical form of the CdTe as recited in step 902 is poly-
crystalline. In particular embodiments of the invention,
the first material recited in step 904 comprises a liquid,
or a gas. In more particular embodiments of the invention,
the second material recited in step 904 comprises a liq-
uid, or a gas.
[0058] Non-limiting examples of the p-type dopant re-
cited in step 904 include bismuth, phosphorous, arsenic,
antimony, gold, or copper. Non-limiting examples of the
second material recited in step 904 include cadmium
chloride, hydrochloric acid, chlorine gas, or combinations
thereof. In particular embodiments of the invention, the
first material recited in step 904 further comprises at least
one of EDA, a dilute solution of bromine in methanol, or
a mixture of nitric acid and phosphoric acid.
[0059] Based on experiments, representative results
of which are presented in FIGS. 5-7, in more particular
embodiments of the invention, a ratio of an amount of
the first material to an amount of the second material, as
recited in method 900, should lie within the range from
about 0.01 ppm to about 100 ppm.
[0060] In particular embodiments of the invention the
thermal treatment recited in step 904 includes a first an-
nealing treatment. In particular embodiments of the in-
vention, said first annealing treatment is performed at
temperatures that lie within a range from about 300 °C
to about 500 °C. In particular embodiments of the inven-
tion, said first annealing treatment is performed for a time
period that lies within a range from about 1 minute to
about 60 minutes. In particular embodiments of the in-
vention, said first annealing treatment recited is per-
formed so that an environment of the green component
during the first annealing treatment comprises an oxidiz-
ing environment.
[0061] While the invention has been described in detail
in connection with only a limited number of embodiments,
it should be readily understood that the invention is not
limited to such disclosed embodiments. Rather, the in-
vention can be modified to incorporate any number of
variations, alterations, substitutions or equivalent ar-
rangements not heretofore described, but which are com-
mensurate with the spirit and scope of the invention. Ad-
ditionally, while various embodiments of the invention
have been described, it is to be understood that aspects
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of the invention may include only some of the described
embodiments. Accordingly, the invention is not to be
seen as limited by the foregoing description, but is only
limited by the scope of the appended claims.
[0062] Various aspects and embodiments of the
present invention are defined by the following numbered
clauses:

1. A method of making a photovoltaic (PV) cell, said
method comprising the steps of:

(a) providing a first component comprising a
cadmium telluride (CdTe) layer comprising an
interfacial region;

(b) subjecting the first component to a function-
alizing treatment to obtain a first green compo-
nent, said functionalizing treatment comprising
treating at least a portion of the interfacial region
with a first material comprising copper and a sec-
ond material comprising chlorine;

(c) subjecting the first green component to a first
annealing treatment to obtain a second green
component;

(d) subjecting the second green component to
a processing treatment; and

(e) disposing a second component adjacent the
CdTe layer to form the PV cell.

2. The method of clause 1, wherein the processing
treatment comprises a soaking treatment.

3. The method of any preceding clause, the soaking
treatment comprises the use of a solvent comprising
ethylene di-amine (EDA).

4. The method of any preceding clause, wherein the
processing treatment comprises deposition of a cop-
per layer on at least a portion of the interfacial region.

5. The method of any preceding clause, wherein the
processing treatment comprises a second annealing
treatment.

6. The method of any preceding clause, wherein the
first component comprises a layer comprising a
transparent conducting oxide.

7. The method of any preceding clause, wherein the
transparent conducting oxide comprises aluminum
doped zinc oxide, indium tin oxide, fluorine tin oxide,
cadmium tin oxide, or combinations thereof.

8. The method of any preceding clause, wherein the
first component comprises a layer comprising a high

resistance oxide.

9. The method of any preceding clause, wherein the
high resistance oxide comprises zinc tin oxide, alu-
minum oxide, tin oxide, gallium oxide, silicon oxide,
indium oxide, or combinations thereof.

10. The method of any preceding clause, wherein
the first component comprises a layer comprising
cadmium sulphide.

11. The method of any preceding clause, wherein
the second component comprises a back-contact
layer.

12. The method of any preceding clause, wherein
the back-contact layer comprises a plurality of layers.

13. The method of any preceding clause, wherein
each of the plurality of layers is disposed sequentially
adjacent the CdTe layer.

14. The method of any preceding clause, wherein
disposing the second component is performed via a
deposition method comprising at least one of screen
printing, sputtering, evaporating, electroplating,
electrodepositing, or combinations thereof.

15. The method of any preceding clause, wherein
the second material comprises cadmium chloride.

16. The method of any preceding clause, wherein a
ratio of an amount of the first material to an amount
of the second material lies within the range from
about 0.01 ppm to about 100 ppm.

17. The method of any preceding clause, wherein
the first annealing treatment is performed at temper-
atures that lie within a range from about 300 °C to
about 500 °C.

18. The method of any preceding clause, wherein
the first annealing treatment is performed for a time-
period that lies within a range from about 1 minute
to about 60 minutes.

19. The method of any preceding clause, wherein
an environment of the first green component during
the first annealing treatment comprises an oxidizing
environment.

20. The method of any preceding clause, wherein
the CdTe layer is rendered substantially p-type after
step (c).

21. A method for making a photovoltaic cell, said
method comprising the steps of:
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(a) providing a first component comprising a
cadmium telluride (CdTe) layer comprising an
interfacial region;

(b) subjecting the first component to a function-
alizing treatment to obtain a first green compo-
nent, said functionalizing treatment comprising
soaking at least a portion of the interfacial region
in the presence of a first solution comprising cop-
per;

(c) subjecting the first green component to a first
annealing treatment in the presence of a second
solution comprising chlorine to obtain a second
green component;

(d) subjecting the second green component to
a processing treatment; and

(e) disposing a second component adjacent the
CdTe layer to form the photovoltaic cell.

22. The method of any preceding clause, wherein
the processing treatment comprises a soaking treat-
ment.

23. The method of any preceding clause, the soaking
treatment comprises the use of an solvent compris-
ing EDA.

24. The method of any preceding clause, wherein
the processing treatment comprises deposition of a
copper layer on at least a portion of the interfacial
region.

25. The method of any preceding clause, wherein
the processing treatment comprises a second an-
nealing treatment.

26. The method of any preceding clause, wherein
the first solution comprises an solvent.

27. The method of any preceding clause, wherein
the solvent comprises EDA.

28. The method of any preceding clause, wherein
the first component comprises a layer comprising a
transparent conducting oxide.

29. The method of any preceding clause, wherein
the transparent conducting oxide comprises alumi-
num doped zinc oxide, indium tin oxide, fluorine tin
oxide, cadmium tin oxide, or combinations thereof.

30. The method of any preceding clause, wherein
the first component comprises a layer comprising a
high resistance oxide.

31. The method of any preceding clause, wherein
the high resistance oxide comprises zinc tin oxide,
aluminum oxide, tin oxide, gallium oxide, silicon ox-
ide, indium oxide, or combinations thereof.

32. The method of any preceding clause, wherein
the first component comprises a layer comprising
cadmium sulphide.

33. The method of any preceding clause, wherein
the second component comprises a back-contact
layer.

34. The method of any preceding clause, wherein
the back-contact layer comprises a plurality of layers.

35. The method of any preceding clause, wherein
each of the plurality of layers is disposed sequentially
adjacent the CdTe layer.

36. The method of any preceding clause, wherein
disposing the second component is performed via a
deposition method comprising at least one of screen
printing, sputtering, evaporating, electroplating,
electrodepositing, or combinations thereof.

37. The method of any preceding clause, wherein
the second solution comprises cadmium chloride

38. The method of any preceding clause, wherein a
concentration of the copper within the first solution
lies within the range from about 0.01 ppm to about
100 ppm.

39. The method of any preceding clause, wherein
the first annealing treatment is performed at temper-
atures that lie within a range from about 300 °C to
about 500 °C.

40. The method of any preceding clause, wherein
the first annealing treatment is performed for a time-
period that lies within a range from about 1 minute
to about 60 minutes.

41. The method of any preceding clause, wherein
an environment of the first green component during
the first annealing comprises an oxidizing environ-
ment.

42. The method of any preceding clause, wherein
the CdTe layer is rendered substantially p-type after
step (c).

Claims

1. A method of making a photovoltaic (PV) cell, said
method comprising the steps of:
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(a) providing a first component (300) comprising
a cadmium telluride (CdTe) layer comprising an
interfacial region (304);
(b) subjecting the first component to a function-
alizing treatment to obtain a first green compo-
nent, said functionalizing treatment comprising
treating at least a portion of the interfacial region
with a first material comprising copper and a sec-
ond material comprising chlorine;
(c) subjecting the first green component to a first
annealing treatment to obtain a second green
component;
(d) subjecting the second green component to
a processing treatment; and
(e) disposing a second component adjacent the
CdTe layer to form the PV cell.

2. The method of claim 1, wherein the processing treat-
ment comprises a soaking treatment.

3. The method of claim 2, the soaking treatment com-
prises the use of a solvent comprising ethylene di-
amine (EDA).

4. The method of any preceding claim, wherein the
processing treatment comprises deposition of a cop-
per layer on at least a portion of the interfacial region.

5. The method of any preceding claim, wherein the
processing treatment comprises a second annealing
treatment.

6. The method of any preceding claim, wherein the first
component (300) comprises a layer comprising cad-
mium sulphide.

7. The method of any preceding claim, wherein the sec-
ond material comprises cadmium chloride.

8. The method of any preceding claim, wherein a ratio
of an amount of the first material to an amount of the
second material lies within the range from about 0.01
1 ppm to about 100 ppm.

9. The method of any preceding claim, wherein the
CdTe layer is rendered substantially p-type after step
(c).

10. A method for making a photovoltaic cell (400), said
method comprising the steps of:

(a) providing a first component (300, 402) com-
prising a cadmium telluride (CdTe) layer com-
prising an interfacial region (304);
(b) subjecting the first component to a function-
alizing treatment to obtain a first green compo-
nent, said functionalizing treatment comprising
soaking at least a portion of the interfacial region

in the presence of a first solution comprising cop-
per;
(c) subjecting the first green component to a first
annealing treatment in the presence of a second
solution comprising chlorine to obtain a second
green component;
(d) subjecting the second green component to
a processing treatment; and
(e) disposing a second component (412) adja-
cent the CdTe layer to form the photovoltaic cell.
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