
CHALCOGENIDE-BASED PHOTOVOLTAIC DEVICES AND METHODS OF MANUFACTURING THE
SAME TECHNICAL FIELD The present disclosure generally relates to the
manufacturing of photovoltaic devices, and more particularly, to the use of
sputtering, and more particularly magnetron sputtering, in forming absorber
and/or buffer layers for photovoltaic devices. BACKGROUND P-n junction
based photovoltaic cells are commonly used as solar cells. Generally, pn
junction based photovoltaic cells include a layer of an n-type
semiconductor in direct contact with a layer of a p-type semiconductor. By
way of background, when a p-type semiconductor is positioned in intimate
contact with an n-type semiconductor a diffusion of electrons occurs from
the region of high electron concentration (the n-type side of the junction)
into the region of low electron concentration (the p-type side of the
junction). However, the diffusion of charge earners (electrons) does not
happen indefinitely, as an opposing electric field is created by this
charge imbalance. The electric field established across the p-n junction
induces a separation of charge carriers that are created as result of
photon absorption. Chalcogenide (both single and mixed) semiconductors have
optical band gaps well within the terrestrial solar spectrum, and hence,
can be used as photon absorbers in thin film based photovoltaic cells, such
as solar cells, to generate electron-hole pairs and convert light energy to
usable electrical energy. More specifically, semiconducting chalcogenide
films are typically used as the absorber layers in such devices. A
chalcogenide is a chemical compound consisting of at least one chalcogen
ion (group 16 (VIA) elements in the periodic table, e.g., sulfur (S),
selenium (Se), and tellurium (Te)) and at least one more electropositive
element. As those of skill in the art will appreciate, references to
chalcogenides are generally made in reference to sulfides, selenides, and
tellurides. Thin film based solar cell devices may utilize these
chalcogenide semiconductor materials as the absorber layer(s) as is or,
alternately, in the form of an alloy with other elements or even compounds
such as oxides, nitrides and carbides, among others. Physical vapor
deposition (PVD) based processes, and 



particularly sputter based deposition processes, have conventionally been
utilized for high volume manufacturing of such thin film layers with high
throughput and yield.BRIEF DESCRIPTION OF THE DRAWINGS Figures IA- ID
illustrate diagrammatic cross-sectional side views of example solar cell
configurations. Figure 2 illustrates an example sputtering chamber in which
an example sputtering process is performed. Figure 3 shows a table that
includes example sets of parameters for sputtering absorber layers. Figure
4 illustrates an example conversion layer. Figure 5 illustrates an example
absorber layer. Figure 6 illustrates a table showing example sputtering
sources and parameters suitable for use in forming an absorber layer.
Figure 7 illustrates a table showing example sputtering sources and
parameters suitable for use in forming a buffer layer. Figure 8 illustrates
an example interface region between an absorber layer and a buffer layer.
Figures 9A-9H show example absorber layer composition profiles. Figures
10A- 1OH show example absorber layer composition profiles. DESCRIPTION OF
EXAMPLE EMBODIMENTS Particular embodiments of the present disclosure relate
to the use of sputtering, and more particularly magnetron sputtering, in
forming absorber and/or buffer layers for photovoltaic devices (hereinafter
also referred to as "photovoltaic cells," "solar cells,"' or "solar
devices"). In particular embodiments, magnetron sputtering is used in
forming chalcogenide absorber or buffer layers. Particular embodiments
contemplate reducing the energies of the particles (atoms) ejected from a
sputter target during the sputter (sputtering) process to improve the
electronic quality of the deposited absorber or buffer layers. In
particular embodiments, energy reduction may be achieved during the
sputtering process via one or more of: reducing the discharge voltage,
increasing the pressure of the sputtering gas atmosphere, and increasing
the distance between the source and substrate during the 



sputtering process. Various particular embodiments may utilize both
elemental and compound sputter sources (targets). Particular embodiments
may also utilize a reactive sputter process in the presence of at least one
of H S and H Se for depositing CIGS, and particularly CuIn-(S, Se,Te)
(e.g., CuIn(S,Se Te)2), based absorber layers (hereinafter, CuInSe, CuIn-S,
CuIn-Te, or suitable combinations thereof may collectively be referred to
as CuIn-(Se S Te) where appropriate). Hereinafter, reference to a layer may
encompass a film, and vice versa, where appropriate. Additionally,
reference to a layer may also encompass one or more layers, where
appropriate. Copper indium gallium diselenide (e.g., Cu(In i-xGax)Se2 where
x is less than or equal to approximately 0.7), copper indium gallium
selenide sulfide (e.g., Cu(In i.xGa )(Se i.ySy)2, where x is less than or
equal to approximately 0.7 and y is less than or equal to approximately
0.99), and copper indium gallium disulfide (e.g., Cu(In i.cGax)S2, where x
is less than or equal to approximately 0.7), each of which is commonly
referred to as a "CIGS" material, have been successfully used in the
fabrication of thin film absorbers in photovoltaic cells largely due to
their relatively large absorption coefficients. In fact, photovoltaic cells
having photovoltaic efficiencies greater or equal than approximately 20%
have been manufactured using copper indium gallium diselenide absorber
layers. Efforts to minimize the defect density in the absorber layer(s)
(hereinafter referred to individually or collectively as "absorber layer"
or "absorber") have enabled the manufacture of high quality CIGS thin film
based photovoltaic cells. Figures IA- ID illustrate diagrammatic
cross-sectional side views of example solar cell configurations. In
particular, Figure IA illustrates an example solar cell 100 that includes,
in overlying sequence, a transparent glass substrate 102, a transparent
conductive layer 104, a conversion layer 106, a transparent conductive
layer 108, and a protective transparent layer 110. In this example solar
cell design, light can enter the solar cell 100 from the top (through the
protective transparent layer 110) or from the bottom (through the
transparent substrate 102). Figure IB illustrates another example solar
cell 120 that includes, in overlying sequence, a non-transparent substrate
(e.g., a metal, plastic, ceramic, or other suitable non-transparent
substrate) 122, a conductive layer 124, a conversion layer 126, a
transparent conductive layer 128, and a protective transparent layer 130.
In this example 



solar cell design, light can enter the solar cell 120 from the top (through
the protective transparent layer 130). Figure 1C illustrates another
example solar cell 140 that includes, in overlying sequence, a transparent
substrate (e.g., a glass, plastic, or other suitable transparent substrate)
142, a conductive layer 144, a conversion layer 146, a transparent
conductive layer 148, and a protective transparent layer 150. In this
example solar cell design, light can enter the solar cell 140 from the top
(through protective transparent layer 150). Figure ID illustrates yet
another example solar cell 160 that includes, in overlying sequence, a
transparent substrate (e.g., a glass, plastic, or other suitable
transparent substrate) 162, atransparent conductive layer 164, a conversion
layer 166, a conductive layer 168, and a protective layer 170. In this
example solar cell design, light can enter the solar cell 160 from the
bottom (through the transparent substrate 162). In order to achieve charge
separation (the separation of electron-hole pairs) during operation of the
resultant photovoltaic devices, each of the conversion layers 106, 126,
146, and 166 are comprised of at least one n-type semiconductor material
and at least one p-type semiconductor material. In particular embodiments,
each of the conversion layers 106, 126, 146, and 166 are comprised of at
least one or more absorber layers and one or more buffer layers having
opposite doping as the absorber layers. By way of example, if the absorber
layer is formed from a p-type semiconductor, the buffer layer is formed
from an n-type semiconductor. On the other hand, if the absorber layer is
formed from an n-type semiconductor, the buffer layer is formed from a
p-type semiconductor. More particular embodiments of example conversion
layers suitable for use as one or more of conversion layers 106, 126, 146,
or 166 will be described later in the present disclosure. In particular
embodiments, each of the transparent conductive layers 104, 108, 128, 148,
or 164 is comprised of at least one oxide layer. By way of example and not
by way of limitation, the oxide layer forming the transparent conductive
layer may include one or more layers each formed of one or more of:
titanium oxide (e.g., one or more of TiO, TiO2 Ti O , or Ti3O5), aluminum
oxide (e.g., Al2O3), cobalt oxide (e.g., one or more of CoO, Co O-,, or
Co3O ), silicon oxide (e.g., SiO2), tin oxide (e.g., one or more of SnO or
SnO ), zinc oxide (e.g., ZnO), molybdenum oxide (e.g., one or more of Mo,
MoO , or MoO3), tantalum oxide (e.g., one or more of TaO, TaO2, or Ta2O5),
tungsten oxide (e.g., one or more of WO or 



WO3), indium oxide (e.g., one or more of InO or In2O3), magnesium oxide
(e.g., MgO), bismuth oxide (e.g., Bi2O3), copper oxide (e.g., CuO),
vanadium oxide (e.g., one or more of VO, VO , V2O3, V2O , or V3O ),
chromium oxide (e.g., one or more of CrO2, CrO , Cr2O ,, or Cr3O4),
zirconium oxide (e.g., ZrO2), or yttrium oxide (e.g., Y2O3) . Additionally,
in various embodiments, the oxide layer may be doped with one or more of a
variety of suitable elements or compounds. In one particular embodiment,
each of the transparent conductive layers 104, 108, 128, 148, or 164 may be
comprised of ZnO doped with at least one of: aluminum oxide, titanium
oxide, zirconium oxide, vanadium oxide, or tin oxide. In another particular
embodiment, each of the transparent conductive layers 104, 108, 128, 148,
or 164 may be comprised of indium oxide doped with at least one of:
aluminum oxide, titanium oxide, zirconium oxide, vanadium oxide, or tin
oxide. In another particular embodiment, each of the transparent conductive
layers 104, 108, 128, 148, or 164 may be a multi-layerstructure comprised
of at least a first layer formed from at least one of: zinc oxide, aluminum
oxide, titanium oxide, zirconium oxide, vanadium oxide, or tin oxide; and a
second layer comprised of zinc oxide doped with at least one of: aluminum
oxide, titanium oxide, zirconium oxide, vanadium oxide, or tin oxide. In
another particular embodiment, each of the transparent conductive layers
104, 108, 128, 148, or 164 may be a multi-layer structure comprised of at
least a first layer formed from at least one of: zinc oxide, aluminum
oxide, titanium oxide, zirconium oxide, vanadium oxide, or tin oxide; and a
second layer comprised of indium oxide doped with at least one of: aluminum
oxide, titanium oxide, zirconium oxide, vanadium oxide, or tin oxide. In
particular embodiments, each of the conductive layers 124, 144, or 168 is
comprised of at least one metal layer. By way of example and not by way of
limitation, each of conductive layers 124, 144, or 168 may be formed of one
or more layers each individually or collectively containing at least one
of: aluminum (Al), titanium (Ti), vanadium (V), chromium (Cr), manganese
(Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), zirconium (Zr),
niobium (Nb), molybdenum (Mo), ruthenium (Ru), rhodium (Rh), palladium
(Pd), platinum (Pt), silver (Ag), hafnium (Hf), tantalum (Ta), tungsten
(W), rhenium (Re), iridium (Ir), or gold (Au). In one particular
embodiment, each of conductive layers 124, 144. or 168 may be formed of one
or more layers each individually or collectively containing at least one 



of: Al, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zr, Nb, Mo, Ru, Rh, Pd, Pt, Ag, Hf,
Ta, W, Re, Ir, or Au; and at least one of: boron (B), carbon (C), nitrogen
(N), lithium (Li), sodium (Na), silicon (Si), phosphorus (P), potassium
(K), cesium (Cs), rubidium (Rb), sulfur (S), selenium (Se), tellurium (Te),
mercury (Hg), lead (Pb), bismuth (Bi), tin (Sn), antimony (Sb), or
germanium (Ge). In another particular embodiment, each of conductive layers
124, 144, or 168 may be formed of a Mo-based layer that contains Mo and at
least one of: B, C, N, Na, Al, Si, P, S, K, Ti, V, Cr, Mn, Fe, Co, Ni, Cu,
Zn, Ga, Ge, Se, Rb, Zr, Nb, Mo, Ru, Rh, Pd, Ag, Cs, Hf, Ta, W, Re, Ir, Pt,
Au, Hg, Pb, or Bi. In another particular embodiment, each of conductive
layers 124, 144, or 168 may be formed of a multi-layer structure comprised
of an amorphous layer, a face-centered cubic (fee) or hexagonal
close-packed (hep) interlayer, and a Mo-based layer. In such an embodiment,
the amorphous layer may be comprised of at least one of: CrTi, CoTa, CrTa,
CoW, or glass; the fee or hep interlayer may be comprised of at least one
of: Al, Ni, Cu, Ru, Rh, Pd, Ag, Ir, Pt, Au, or Pb; and the Mo-based layer
may be comprised of at least one of Mo and at least one of: B, C, N, Na,
Al, Si, P, S, K, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, Se, Rb, Zr, Nb,
Mo, Ru, Rh, Pd, Ag, Cs, Hf, Ta, W, Re, Ir, Pt, Au, Hg, Pb, or Bi.In
particular embodiments, magnetron sputtering may be used to deposit each of
the conversion layers 106, 126, 146, or 166, each of the transparent
conductive layers 104, 108, 128, 148, or 164, as well as each of the
conductive layers 124, 144, or 168. Magnetron sputtering is an established
technique used for the deposition of metallic layers in, for example,
magnetic hard drives, microelectronics, and in the deposition of intrinsic
and conductive oxide layers in the semiconductor and solar cell industries.
In magnetron sputtering, the sputtering source (target) is a magnetron that
utilizes strong electric and magnetic fields to trap electrons close to the
surface of the magnetron. These trapped electrons follow helical paths
around the magnetic field lines undergoing more ionizing collisions with
gaseous neutrals near the target surface than would otherwise occur. As a
result, the plasma may be sustained at a lower sputtering atmosphere
pressure. Additionally, higher deposition rates may also be achieved. While
conventional magnetron sputtering techniques have enabled high deposition
rates and accurate control of the thickness and composition of certain
deposited films over a 



large area, magnetron sputtering has rarely been used for depositing
absorber and buffer semiconductor layers used in solar cells. By way of
background, during a conventional sputtering process, high energy particles
including positive ions, negative ions, and neutrals may be created in the
plasma. These particles may strike the substrate producing defects in the
deposited film structure. These defects act as recombination centers for
electron-hole pairs that are created by incident light photons. Such
recombination centers lower the light conversation efficiency of the
absorbers in photovoltaic cells diminishing the output of the cells. Figure
2 illustrates an example sputtering chamber 200 in which an example
sputtering process is performed. In particular embodiments, the sputtering
chamber 200 may be used for magnetron sputtering. In the illustrated
example, argon (Ar) (positive) ions 202a strike the source (sputtering
target, magnetron) 204 resulting in the ejection of target atoms 206 and
electrons. The target atoms are then deposited as a thin film on substrate
208. Ejected electrons stay trapped close to the surface of the magnetron
due to the presence of the magnetic field. The kinetic energy, E (atoms),
and angle, a, at which the ejected target atoms 206 land on the substrate
208 (or on the thin film formed on the substrate by the target atoms 206 or
previously deposited atoms) depend at least in part on the pressure, PL G,
of the sputtering atmosphere (e.g., the pressure of the Ar) in sputtering
chamber 200. More particularly, if pLr is high, the subsequently ejected
target atoms 206 undergo a greaternumber of collisions with positive Ar
ions 202a and so called "Ar neutrals" (having neutral electromagnetic
charge) 202b as the ejected target atoms 206 travel from source 204 to
substrate 208 resulting in a reduction of the kinetic energy Ei, (atoms) of
the target atoms 206 and an increase of the incidence angle a of the
ejected target atoms 206. Ar ions 202a that strike the source 204 receive
an electron from the source and are reflected off the source as Ar neutrals
202b. If these Ar neutrals 202b strike the substrate 208 (or more
particularly the thin film formed on the substrate by the target atoms 206
or previously deposited atoms) they increase the mobility of the atoms 206
(or other atoms) that are already deposited on the substrate 208. These Ar
neutrals 202b can also induce structural defects (especially in the bulk of
the thin film) reducing the electrical quality of the film. A high sputter
pressure also increases the probability of collisions between Ar neutrals
202b and the rest of the Ar atoms 



in the chamber 200 reducing the kinetic energy, E^(Ar), of Ar neutrals 202b
and hence minimizing the defect density produced by Ar neutrals 202b in the
deposited film. Indeed, while increasing the mobility of the target atoms
206 located at the surface of the thin film deposited on the substrate 208
may be beneficial as this facilitates these surface atoms 206 finding their
respective minimum energy positions and forming the desired crystal
structure, the energy of the Ar neutrals 202b may be difficult to control
and may have adverse consequences. More particularly, high energy neutrals
202b may also penetrate into the bulk of the deposited thin film knocking
deposited atoms 206 from their equilibrium positions. As bulk diffusion of
atoms is much slower than surface diffusion, these perturbed atoms 206 have
a lower probability of diffusing back to their original equilibrium
positions, and hence, defects may be formed in the deposited film. In
particular embodiments, the energies of the ejected target atoms 206 that
strike the substrate 208 are intentionally reduced to obtain absorber or
buffer layers with high electronic quality; that is, for example, having a
high photovoltaic efficiency for absorbing sunlight and converting this
solar irradiance into electrical free energy. In some particular described
embodiments, reference to a sputtering atmosphere is made with reference to
a sputtering atmosphere of Ar atoms for simplification. However, it should
be appreciated that a wide variety of other sputtering gases may be
additionally or alternately used in other embodiments including, by way of
example and not by way of limitation, one or more of: helium (He), krypton
(Kr), xenon (Xe), oxygen (e.g., in the form of dioxygen (O2)), nitrogen
(e.g., in the form of dinitrogen (N2)), hydrogen (H), hydrogen sulfide (H
S), hydrogen selenide (H2Se), phosphorus trihydride (PH3), ammonia (NH ),
and phosphorus pentoxide(P2O5), among others. As such, in the described
embodiments, reference to the pressure of the sputtering atmosphere may be
made with reference to the total sputtering pressure in the chamber, ptot,
rather than Ar sputtering pressure, PAG- In particular embodiments,
absorber and buffer layers suitable for use in, for example, each of the
conversion layers 106, 126, 146, or 166, are sputtered with magnetron
sputtering in the presence of one or more gases such as, by way of example
and not by way of limitation, one or more inert gases (e.g., Ar, Kr, or Xe)
and/or one or more reactive gases (e.g., O2, N2, H2S, H2Se, PH3, NH , P O )
at the same time or at different times. Generally, 



the electronic quality of the sputtered layers, and particularly the
absorber and buffer layers, depends on: the discharge voltage; the total
gas pressure in the chamber, ptot; the amount of reactive gas in the
sputtering chamber; the deposition rate (the deposition rate may be defined
as the number of atoms that land on the substrate per second or the
increase in the thickness of the deposited layer per second), DR; the
distance from the source to the substrate, d; the applied bias voltage on
the substrate, Vb,as; and the substrate temperature, Tsi,t,. As described
above, to obtain absorber and buffer layers with high electronic quality,
the energies of the ejected target atoms 206 that strike the substrate are
reduced. As illustrated in Figure 2, the discharge voltage accelerates
positive Ar ions 202a toward the source 204. Ar ions 202a that strike the
source 204 may cause atoms 206 to be ejected from the source 204. Atoms 206
ejected from the source 204 may then deposit on substrate 208. When the
discharge voltage is large, the energies of the positive Ar ions 202a is
larger resulting in larger kinetic energy (Ek(Ar)) of Ar neutrals 202b and
kinetic energy (Ek(atoms)) of ejected target atoms 206. In particular
embodiments, the kinetic energy (Ek(atoms)) of the atoms 206 that strike
the substrate 208 is reduced by reducing the discharge voltage. In
particular embodiments, a lower discharge voltage may be achieved by
exciting the plasma during the sputtering process with radio frequency (RF)
or current pulse power supplies. Additionally, as sputtering in the
presence of a reactive gas can increase the discharge voltage, in
particularly embodiments, the discharge voltage is further reduced by
sputtering in a sputtering atmosphere that includes a combination of
reactive and inert gases. The present inventors have also determined that
absorber and buffer layers with high electronic quality can be obtained
with a DC power supply if the total sputtering pressure, ptot, is
sufficiently large. In general, a higher total pressure, ptot, in the
sputtering chamber 200 increases the probability of collision between
atoms, and particularly between: 1) ejected target atoms 206, and 2) Ar
neutrals 202b and Ar ions 202a in the chamber 200. The increase in
collision probability reduces the energy of the ejected target atoms 206
and reflected Arneutrals 202b that strike the substrate 208 (or the thin
film formed on the substrate by target atoms 206, previously deposited
atoms, or reactive gas atoms). The amount of reactive gas in the sputtering
chamber 200 (where the amount of reactive gas represents the number of
molecules of reactive gas in the chamber) also affects the energies of the
ejected target atoms 



206 as the amount of reactive gas in the chamber 200 determines, at least
in part, the probability of reaction between the ejected target atoms 206
and the atoms of the reactive gas. Thus, in particular embodiments, the
amount of reactive gas is increased (therefore increasing Ptot) resulting
in a reduction of the energies of the ejected target atoms 206. In
particular embodiments, the deposition rate (DR) of the ejected target
atoms 206 is increased as the total sputtering pressure, ptot, increases to
maintain the same surface mobility of atoms 206 deposited on the substrate
208. Additionally, the amount of reactive gas in the sputtering chamber 200
must also increase (if applicable) to maintain the same composition in the
sputtered films (layers). In particular embodiments, the
source-to-substrate distance, d, is increased to increase the probability
of collisions between ejected target atoms 206 and Ar neutrals 202b with Ar
ions 202a. Therefore, increasing the source-to-substrate distance, d,
reduces the total sputter pressure, piot, required to maintain the
electronic quality of the deposited layer. In particular embodiments, the
bias voltage, Vb,as, niay be adjusted to vary the mobility of the target
atoms 206 deposited on the substrate 208. In particular embodiments, the
bias voltage, Vb,as , is a negative voltage applied to the substrate 208
with respect to. for example, the walls of the sputtering chamber 200. The
bias voltage increases the mobility of the deposited atoms 206 on the
substrate surface 210. A high mobility of atoms 206 in the deposited film
is desired for obtaining absorber and buffer layers having high electronic
qualities. The role of the bias voltage is to accelerates positive ions
toward the substrate 208. These positive ions strike the deposited thin
film increasing the defect density in the deposited film. In particular
embodiments, the deposited layers may also be heated, such as by heating
the substrate 208, to increase the mobility of the deposited atoms 206.
Increasing the substrate temperature, Tsi,b, increases mobility and can
improve crystal structure and increase grain size in the deposited film.
This can reduce defect densities and improve the electronic qualities of
absorber and buffer layers. The substrate temperature, Tsub , is also an
important parameter in the formation of a desired chalcopyrite structure in
Culn-based solar cells. In general, the total sputtering gas pressure,
ptot, in the chamber should be greater than 



approximately 0.4 Pascals (Pa) (~3 mTorr) and the substrate temperature,
Tsub , should behigher than approximately 300 degrees Celsius. However, in
particular embodiments, if the source-to-substrate distance, d, is less
than 3 cm, then the total gas pressure, ptot, in the chamber is increased
to at least 0.25 Pa (~2 mTorr), and the substrate temperature, TSUb , is
increased to at least 300 C. Additionally, in particular embodiments, if
the deposition rate, DR, is greater than 5 nm/s, then the total gas
pressure, ptot, in the chamber is at least 0.25 Pa (~2 mTorr), and the
substrate temperature, TSUb, is increased to at least 300 degrees Celsius.
However, in even more preferred embodiments, it is even more desirable to
use the parameters outlined in Figure 3, which shows a table that includes
example sets of parameters for sputtering absorber layers at elevated
temperatures (e.g., above 300 degrees Celsius). More particularly, each row
of the table of Figure 3 corresponds to a set of parameters for use during
sputtering of an absorber layer. In particular embodiments, as is the case
for each set of parameters of Figure 3, the total sputtering gas pressure,
ptoi, in the chamber is greater than approximately 0.5 Pascals (Pa) (~4
mTorr) and the substrate temperature, Tsi,b, is higher than approximately
300 degrees Celsius. In particular embodiments, if the source-to-substrate
distance, d, is less than 3 cm, then the total gas pressure, ptot, in the
chamber is increased to at least 0.9 Pa (7 mTorr), and the substrate
temperature, Tsi,b, is increased to at least 300 C. In particular
embodiments, if the deposition rate, DR, is greater than 5 nm/s, then the
total gas pressure, ptot, in the chamber is at least 0.7 Pa (5 mTorr), and
the substrate temperature, TSUb, is increased to at least 300 degrees
Celsius. In particular embodiments, if the source-tosubstrate distance, d,
is less than approximately 3 cm, and if the deposition rate, DR, is greater
than approximately 5 nm/s, then the total gas pressure, ptot, in the
chamber increased to at least 1.3 Pa (10 mTorr) and the substrate
temperature, Tsi,b, is increased to at least 300 degrees Celsius.
Additionally, in particular embodiments, if the source-to-substrate
distance, d, is less than approximately 3 cm, and if the deposition rate,
DR, is greater than approximately 5 nm/s, and if the applied bias voltage,
Vb,as on the substrate is less than approximately -300 Volts (the "-" minus
indicates that the bias is negative with respect to the sputtering chamber
walls, hence, "less than approximately -300 Volts" refers to a negative
bias voltage having a magnitude larger than 300 (e.g., -350 Volts)), then
the total gas pressure, ptot, in the chamber is greater than 2 Pa (16
mTorr) and the substrate temperature, 



Tsub, is higher than 300 degrees Celsius. In particular embodiments,
similar parameters may be used for sputtering the buffer layers. However,
when sputtering buffer layers, the substrate temperature, Tsi,b, may be
lower than for sputtering the absorber layers, and is chosen to ensure that
no undesired diffusion/intermixing occurs.As described above, each of the
conversion layers 106, 126, 146, and 166 are comprised of at least one or
more absorber layers and one or more buffer layers of opposite doping.
Figure 4 illustrates an example conversion layer 400 that is comprised of
an overlying sequence of n adjacent absorber layers (where n is the number
of adjacent absorber layers and where n is greater than or equal to 1) 4027
to 402" (collectively forming absorber layer 402), adjacent to m adjacent
buffer layers (where m is the number of adjacent buffer layers and where m
is greater than or equal to 1) 404/ to 404m (collectively forming buffer
layer 404). In particular embodiments, at least one of the absorber layers
4027 to 402 is sputtered in the presence of a sputtering atmosphere that
includes at least one of H S and H2Se. Although Figure 4 illustrates the
buffer layers 404 as being formed over the absorber layers 402 (relative to
the substrate), it alternate embodiments, the absorber layers 402 may be
positioned over the buffer layers 404. In particular embodiments, each of
the absorber layers 4027 to 402" are deposited using magnetron sputtering.
Additionally, in particular embodiments, at least one of the absorber
layers 4027 to 402" is deposited on a substrate (e.g., substrate 208
generally, and more particularly, one of substrates 102, 122, 142, or 162)
that has been previously heated to a substrate temperature, Tsi,b, greater
than approximately 300 degrees Celsius. In particular embodiments, to
obtain the desired crystal structure, Culn-containing absorber layers 402
are heated (via heating the substrate) to a temperature above 300 degrees
Celsius. In one particular embodiment, Culn-containing absorber layers 402
are formed by sputtering (via magnetron sputtering) Culn-containing layers
at temperatures below 300 degrees Celsius followed by post-sputter
annealing of these layers at temperatures above 300 degrees Celsius. In
such an embodiment, the composition profile across the absorber layers 402
is difficult to control as the composition profile across the absorber
layers may change after annealing. However, by annealing the absorber
layers 402 in very short time scales composition profile 



changes across the absorber layers may be inhibited or prevented. In
another particular embodiment, the absorber layers 402 are sputtered (e.g.,
with magnetron sputtering) on a substrate (e.g., substrate 102, 122, 142,
or 162) that has been previously heated to temperatures above 300 degrees
Celsius. In this embodiment, the desired crystal structure may be produced
during the sputtering of the absorber layers 402. This embodiment also
enables much more precise control of the composition profile across the
absorber layers 402. Controlling the composition profile across the
absorber layers 402 is important for maximizing the efficiency of the
conversion of solar irradiance into electrical free energy. In particular
embodiments, CuIn(S, Se)2 absorber layers 402 may be formed bysputtering
(e.g., magnetron sputtering) compound source materials at temperatures
above 300 degrees Celsius. By way of example, a CuIn(S Se)2 absorber layer
may be formed using a target source that comprises CuIn(S Se)2. As another
example, In2(S Se)3 and Cu(S,Se) absorber layers 402 may be formed using
target sources that comprise In2(S Sc) and Cu(S Se). In such embodiments,
the S and/or Se quantities necessary for the formation of chalcogenides are
supplied directly from the sputter target sources. However, both S and Se
can easily evaporate during the sputtering process resulting in S and Se
deficient CuIn(S Se)? absorber layers that have less than desired
conversation efficiency. In particular embodiments, to mitigate this
problem, at least one of the absorber layers 402/ to 402" is sputtered
(e.g., using one of the aforementioned targets) in a sputtering atmosphere
that includes at least one reactive gas, and particularly, H2S or H2Se.
These gases provide a virtually unlimited supply of S and Se and hence,
maintain the total S and Se content in the deposited layers above, for
example, 48 atomic percent and improving the light conversion efficiency of
such CuIn(S Se)2 absorber layers. In alternate embodiments, solar cells
with a high quality CuInS absorber layer can be obtained by sputtering
elemental target sources (e.g., Cu or In) in the presence of a sputtering
atmosphere of H2S or H2Se. However, in particular embodiments, at least one
compound source is used for forming absorber or buffer layers of Culn-based
solar cells. As such, in particular embodiments, target sources used in
depositing Culn-based absorber layers 302 may contain Cu and In and at
least at least one of: B, C, N, Na, Al, Si, P, S, K, Ti, V, Cr, Mn, Fe, Co,
Ni Cu, Zn, Ga, Ge, Se, Rb, Zr, Nb, Mo, Ru, Rh, Pd, Ag Cs Hf, Ta W, Re Ir.
Pt, 



Au Hg5Pb Bi, and Cd. Figure 5 illustrates, more particularly, an absorber
layer 402 that is comprised of an overlying sequence of / absorber layers
506 (where / is the number of absorber layers of type 506 and where / is
greater than or equal to 1 and less than or equal to 100) 5067 to 506/, j
absorber layers 508 (where j is the number of absorber layers of type 508
and where / is greater than or equal to 0 and less than or equal to 100)
5087 to 508/, and k absorber layers 510 (where k is the number of absorber
layers of type 510 and where k is greater than or equal to 0 and less than
or equal to 100) 5107 to 5 1OA;. Thus, the total number of absorber layers
in this embodiment is n, where n = / +j +k . In one particular embodiment,
each of the absorber layers 5067 to 506/, 5087 to 508/', and 5107 to 510 :
is sputter deposited from the respective sputter source materials shown in
Table 2 illustrated in Figure 6 . In particular embodiments, at least one
of these layers is sputtered at a temperature above 300 degrees Celsius. As
described above, one or more of these layers may also be sputtered in
thepresence of one or both of H2S and H2Se to avoid S and Se deficiency in
the resultant absorber films. In another embodiment, each of the absorber
layers 5067 to 506/, 5087 to 508/, and 5107 to 51OA: is sputter deposited
from the respective sputter source materials shown in Table 2 illustrated
in Figure 6 at temperatures below 300 degrees Celsius. Subsequently these
absorber layers are annealed at temperatures above 350 degrees Celsius.
However, in even more preferred embodiments, the annealing is performed at
temperatures above 500 degrees Celsius. As described above, one or more of
these layers may also be sputtered and annealed in the presence of one or
both of H S and H2Se to avoid S and Se deficiency in the resultant absorber
films. Figure 7 illustrates Table 3, which shows example sputter source
materials and parameters suitable for use in forming buffer layers 4047 to
404m. Buffer layers 4041 to 404m may be formed using sputtering, and
particularly magnetron sputtering, as described above, or, alternately,
using chemical bath deposition, chemical vapor deposition, atomic layer
deposition, or another suitable process. In particular embodiments, one or
more of buffer layers 4047 to 404m individually or collectively contain at
least one of: Al, Zn, Ga, Cd, In, or Sn and at least one of: S, Se, or Te.
By way of example, one or more of buffer 



layers 4047 to 404m may be a Si or Ge layer doped with at least one of: N,
P, As, Sn, B, Al, Ga, or In. In particular embodiments, to obtain high
efficiency solar cells, the Cu content in the absorber layer 402 in the
region 820 (illustrated in Figure 8) proximal to the interface 822 between
the absorber layer 402 and buffer layer 404 is less than approximately 30
atomic percent (at. %). In particular embodiments, the thickness of
interface region 820 is in the range of approximately 100 A (Angstroms) to
0.5 mm (microns). Figures 9A-9H show example composition profiles for
absorber layers in accordance with particular embodiments obtained using
sputter deposition where at least one of the layers is heated above 300
degrees Celsius during its deposition. More particularly, Figure 9A
illustrates a composition profile of an absorber layer 402 where the
vertical axis represents the atomic percent of Cu. The horizontal axis
indicates the thickness of particular regions (regions 820, 824, and 826
from Figure 8) of the absorber layer 402 for which the atomic percent
composition is specified. Absorber layer region 820 is the region of the
absorber 402 closest to the buffer layer 404, absorber layer region 824 is
a middle region of the absorber, and absorber layer region 826 is the
region of the absorber closer to the backcontact. More particularly, region
820, the interface region, refers to the region that neighbors interface
822 and, in particular embodiments, has a thickness in the range of
approximately 100 A (Angstroms) to 0.5 mm. Region 824 borders region 820
and, in particular embodiments, has a thickness in the range of
approximately 0 A to 5 mm. Region 826 borders region 824 and, in particular
embodiments, has a thickness in the range of approximately 100 A to 5 mm.
Figure 9B illustrates a composition profile of an absorber layer 402 where
the vertical axis represents the atomic percent of Ga with respect to
particular regions of the absorber layer 402. Figure 9C illustrate a
composition profile of an absorber layer 402 where the vertical axis
represents the atomic percent of In with respect to particular regions of
the absorber layer 402. Figure 9D illustrates a composition profile of an
absorber layer 402 where the vertical axis represents the atomic percent of
Al with respect to particular regions of the absorber layer 402. Figure 9E
illustrates a composition profile of an absorber layer 402 where the
vertical axis represents the atomic percent of the combined total of S, Se,
and Te with respect to particular regions of the absorber layer 402. Figure
9F 



illustrates a composition profile of an absorber layer 402 where the
vertical axis represents the atomic percent of the combined total of Zn,
Cd, Hg, Sn, Si, Ge, and Pb with respect to particular regions of the
absorber layer 402. Figure 9G illustrates a composition profile of an
absorber layer 402 where the vertical axis represents the atomic percent of
the combined total of Ag and Au with respect to particular regions of the
absorber layer 402. Lastly, Figure 9FI illustrates a composition profile of
an absorber layer 402 where the vertical axis represents the atomic percent
of the combined total of Li, Na, K, Rb, and Cs with respect to particular
regions of the absorber layer 402. Figures 10A- 1OH show more preferable
examples of absorber layer composition profiles in accordance with more
particular embodiments obtained using sputter deposition where at least one
of the layers is heated above 300 degrees Celsius during the deposition.
More particularly, Figure 1OA illustrates a composition profile of an
absorber layer 402 where the vertical axis represents the atomic percent of
Cu. The horizontal axis again indicates the thickness of particular regions
(regions 820, 824, and 826 from Figure 8) of the absorber layer 402 for
which the atomic percent composition is specified. Figure 1OB illustrates a
composition profile of an absorber layer 402 where the vertical axis
represents the atomic percent of Ga with respect to particular regions of
the absorber layer 402. Figure 1OC illustrate a composition profile of an
absorber layer 402 where the vertical axis represents the atomic percent of
In with respect to particular regions of the absorber layer402. Figure 1OD
illustrates a composition profile of an absorber layer 402 where the
vertical axis represents the atomic percent of Al with respect to
particular regions of the absorber layer 402. Figure 1OE illustrates a
composition profile of an absorber layer 402 where the vertical axis
represents the atomic percent of the combined total of S, Se, and Te with
respect to particular regions of the absorber layer 402. Figure 1OF
illustrates a composition profile of an absorber layer 402 where the
vertical axis represents the atomic percent of the combined total of Zn,
Cd, Hg, Sn, Si, Ge, and Pb with respect to particular regions of the
absorber layer 402. Figure 1OG illustrates a composition profile of an
absorber layer 402 where the vertical axis represents the atomic percent of
the combined total of Ag and Au with respect to particular regions of the
absorber layer 402. Lastly, Figure IOFI illustrates a composition profile
of an absorber layer 402 where the vertical axis represents the atomic
percent of the 



combined total of Li, Na, K, Rb, and Cs with respect to particular regions
of the absorber layer 402. In particular embodiments, the afore-described
methods are used to fabricate CIGSbased solar cells that are comprised of
an overlaying sequence of (beginning with the layer closest to the
substrate) a Mo conductive layer, a Cu(In Ga)Se 2 absorber layer, a CdS
buffer layer, a ZnO conductive layer, and a ZnO conductive layer doped with
Al O . In particular embodiments, to maximize the efficiency of this
multi-layer structure cell, the Ga content across the Cu(In Ga)Se absorber
is intentionally non-uniform, that is, the Ga content at the Mo and CdS
interfaces is greater than in the middle of the Cu(In Ga)Se absorber layer.
This composition profile is very difficult to obtain using a post-sputter
annealing process. For example, the Cu(In Ga)Se 2 absorber layer can be
obtained by annealing a multilayer-structure comprised of a CuGa layer, a
In layer, and a Se layer that are sputter deposited on top of the Mo layer.
In such an embodiment, the Ga content is greatest at the interface between
the Mo and Cu(In Ga)Se 2 layers and monotonically decreases toward the
Cu(In Ga)Se interface with the buffer layer, which is not desirable for
absorbers used in high efficiency solar cells. Thus. in particular
embodiments, to obtain an optimal composition profile across the absorber
layer, at least one of the absorber layers 4027 to 402 is deposited by
sputtering at a temperature above 300 degrees Celsius. The desired Ga
composition profile can be also obtained by fast annealing process. In this
case Ga and In do not have time to diffuse across the absorber leading to
decrease of Ga concentration at the interface with buffer layer. The
present disclosure encompasses all changes, substitutions, variations,
alterations, and modifications to the example embodiments herein that a
person having ordinary skill in the art would comprehend. Similarly, where
appropriate, the appended claims encompass allchanges, substitutions,
variations, alterations, and modifications to the example embodiments
herein that a person having ordinary skill in the art would
comprehend.CLAIMS What is claimed is: 1. A photovoltaic cell comprising: a
conversion layer comprising: one or more semiconducting absorber layers
each having a first doping type, wherein one or more of the absorber layers
comprises at least one 



chalcogenide and wherein the at least one chalcogenide comprises copper
(Cu) and one or more of sulfur (S), selenium (Se), or tellurium (Te); and
one or more semiconducting buffer layers each having a second doping type
opposite that of the first doping type; wherein the buffer layers are
collectively positioned immediately adjacent Io the absorber layers forming
an interface between the buffer layers and the absorber layers, and wherein
the Cu content in an interface region of the absorber layer immediately
adjacent the interlace is less than or equal to approximately 30 atomic
percent. 2. The photovoltaic cell of Claim 1, wherein the first doping type
is n-type doping and wherein the second doping type is p-type doping. 3.
The photovoltaic cell of Claim 1, wherein the first doping type is p-type
doping and wherein the second doping type is n-type doping. 4. The
photovoltaic cell of Claim 1, further comprising a substrate over which the
conversion layer is deposited. 5. The photovoltaic cell of Claim 4, further
comprising first conductive layer positioned between the substrate and the
conversion layer. 6. The photovoltaic cell of Claim 5, further comprising a
second conductive layer deposited over the conversion layer. 7. The
photovoltaic cell of Claim 6, wherein: the substrate is a transparent glass
substrate;the first conductive layer is a transparent conductive layer; and
the second conductive layer is a transparent conductive layer. 8. The
photovoltaic cell of Claim 1, wherein the at least one chalcogenide further
comprises indium (In) and wherein the combined content of Cu and In in the
absorber layers is greater than or equal to approximately 22 atomic percent
and less than or equal to 55 atomic percent. 9. The photovoltaic cell of
Claim 8, wherein the variation of the combined content of Cu, Ga and In in
the absorber layers is less than approximately 4 atomic percent across the
absorber layers. 



10. The photovoltaic cell of Claim 8, wherein the variation of the content
of Cu in the absorber layers is at least approximately 4 atomic percent
across the absorber layers. 11. The photovoltaic cell of Claim 8, wherein:
the variation of the content of Cu in the absorber layers is at least
approximately 4 atomic percent across the absorber layers; and the
variation of the combined content of Cu, Ga and In in the absorber layers
is less than 4 atomic percent across the absorber layers. 12. The
photovoltaic cell of Claim 1, wherein the combined content of S, Se, Te in
the absorber layers is greater than or equal to approximately 44 atomic
percent and less than or equal to approximately 56 atomic percent. 13. The
photovoltaic cell of Claim 1, wherein the at least one chalcogenide further
comprises one or more of gallium (Ga), zinc (Zn), aluminum (Al), and
cadmium (Cd), and wherein the combined content of Ga, Zn, Al, and Cd in the
interface region of the absorber layers is greater than or equal to 5
atomic percent. 14. The photovoltaic cell of Claim 1, wherein one or more
of the buffer layers comprises at least one chalcogenide and wherein the at
least one chalcogenide comprises one or more of sulfur (S), selenium (Se),
or tellurium (Te).15. The photovoltaic cell of Claim 14, wherein the at
least one chalcogenide further comprises at least one or more of aluminum
(Al), zinc (Zn), gallium (Ga), cadmium (Cd), indium (In), or tin (Sn). 16.
A photovoltaic cell comprising: a glass substrate; a first transparent
conductive layer arranged over the glass substrate; a conversion layer
arranged over the first transparent conductive layer and comprising: one or
more semiconducting absorber layers each having p-type doping, wherein one
or more of the absorber layers comprises at least one chalcogenide and
wherein the at least one chalcogenide comprises copper (Cu), indium (In),
gallium (Ga), sulfur (S), and selenium (Se); and 



one or more semiconducting buffer layers each having n-typc doping, wherein
one or more of the buffer layers comprises at least one chalcogenide and
wherein the at least one chalcogenide comprises one or more of sulfur (S),
selenium (Se), or tellurium (Te) and at least one or more of aluminum (Al).
zinc (Zn), gallium (Ga), cadmium (Cd), indium (In), or tin (Sn); and
wherein the buffer layers are collectively positioned immediately adjacent
lo the absorber layers forming an interface between the buffer layers and
the absorber layers, and wherein the Cu content in an interface region of
the absorber layer immediately adjacent the interface is less than or equal
to approximately 25 atomic percent; and a second transparent conductive
layer arranged over the conversion layer. 17. The photovoltaic cell of
Claim 16, wherein: the variation of the content of Cu in the absorber
layers is at least approximately 4 atomic percent across the absorber
layers; and the variation of the combined content of Ga and In in the
absorber layers is less than 4 atomic percent across the absorber layers.
18. A method comprising: sputtering one or more absorber layers over a
substrate, wherein:the substrate is pre-heated to a substrate temperature
of at least approximately 300 degrees Celsius prior to the sputtering and
during the sputtering of each of one or more of the absorber layers; the
sputtering of at least one of the absorber layers is performed in a
sputtering atmosphere having a pressure of at least 0.5 Pascals; and the
sputtering of at least one of the absorber layers comprises sputtering from
a sputter target that comprises a chalcogenide alloy that comprises copper
(Cu) and one or more of sulfur (S), selenium (Se), or tellurium (Te). 19.
The method of Claim 18, wherein the sputtering comprises magnetron
sputtering. 20. The method of Claim 18, wherein the sputtering of at least
one of the absorber layers comprises sputtering in the presence of a
reactive gas that comprises one or 



more of H2S or H2Se. 2 1. The method of Claim 18, wherein the at least one
chalcogenide further comprises one or more of gallium (Ga), zinc (Zn),
aluminum (Al), and cadmium (Cd). 22. The method of Claim 18, wherein the
distance between the substrate and sputter target for sputtering at least
one of the absorber layers is less than 8 cm. 23. The method of Claim 18,
wherein the sputtering of at least one of the absorber layers comprises
sputtering at a bias voltage less than approximately -150 Volts. 24. The
method of Claim 14, wherein the sputtering of at least one of the absorber
layers comprises exciting the plasma during the sputtering with radio
frequency (RF) or current pulse power supplies. 25. A method comprising:
sputtering one or more absorber layers over a non-heated substrate, wherein
the sputtering of at least one of the absorber layers comprises sputtering
from a sputter target that comprises a chalcogenide alloy that comprises
copper (Cu) and one or more of sulfur (S), selenium (Se), or tellurium
(Te); andannealing the sputtered absorber layers at an annealing
temperature that exceeds 350 degrees Celsius. 


