
WO 2011/066370PCT/US2010/057980 CHALCOGENIDE ABSORBER LAYERS FOR
PHOTOVOLTAIC APPLICATIONS AND METHODS OF MANUFACTURING THE SAME TECHNICAL
FIELD  [0001] The present disclosure generally relates to the manufacturing
of photovoltaic devices, and more particularly, to the use of annealing in
forming chalcogenide absorbers for such devices. BACKGROUND  [0002]
Semiconducting chalcogenide films are typically used as absorber layers in
photovoltaic devices, such as solar cells. A chalcogenide is a chemical
compound consisting of at least one chalcogen ion (group 16 (VI) 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 only. 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 like oxides, nitrides and carbides,
among others. 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 solar cells to generate
electron hole pairs and convert light energy to usable electrical energy.
[0003] 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. These thin film layers can be deposited by the sputtering (in the
form of reactive/non-reactive or co-sputtering) of high purity sputter
targets. BRIEF DESCRIPTION OF THE DRAWINGS  [0004] Figure 1 shows an
equilibrium Cu-Se phase diagram. [0005] Figure 2 shows an equilibrium Cu-S
phase diagram. [0006] Figures 3A-3D illustrate example methods of
annealing. 



[0007] Figures 4A-4C illustrate alternate step-wise example methods of
annealing. [0008] Figure 5 illustrates an example plot of X-ray diffraction
data.  WO 2011/066370PCT/US2010/057980 DESCRIPTION OF EXAMPLE EMBODIMENTS
[0009] Particular embodiments of the present disclosure relate to the use
of annealing in forming chalcogenide absorbers for photovoltaic devices.
[0010] Copper indium gallium diselenide (e.g., Cu(In1,(Ga8)Se2, where x is
less than or equal 5 to approximately 0.7), copper indium gallium selenide
sulfide (e.g., Cu(Ini,Ga8)(Sei_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(Ini_8Gax)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 10 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 as "absorber layer" or "absorber") have enabled
the manufacture of high quality CIGS thin film photovoltaic cells. By way
of 15 example, reducing the defect density in the absorber layer may be
achieved by heating the CIGS material close to its melting temperature,
which facilitates grain growth and defect removal in the absorber layer.
However, unfortunately, the melting temperature of CIGS materials is
relatively large (e.g., close to 1000 degrees Celsius) and, thus, this
approach is generally not economical from a fabrication stand point.
Furthermore, in order to use glass 20substrates the fabrication process can
generally not significantly exceed process temperatures of approximately
500 degrees Celsius. [0011] It has been determined that, in order to
manufacture photovoltaic cells having efficiencies at or exceeding 12%, Se
and/or S have to be present in the CIGS absorber. Unfortunately,
controlling Se and S compositions in CIGS materials has conventionally not
25 been easy to achieve. Se and S have low vapor pressures and, thus, can
escape from Cu and In layers during annealing or deposition at high process
temperatures. In CuSe and CuS layers, this generally results in an increase
in the Cu/Se or Cu/S ratios, respectively, as well as an increase in the
melting point of these layers. By way of example, as shown in the
equilibrium Cu-Se phase diagram of Figure 1, the Cu2Se material has a
melting point over 30 twice that of Cul..8Sex (where x is greater than or
equal to approximately 0.53). Similarly, as shown in the equilibrium Cu-S
phase diagram of Figure 2, the Cul 8S material also has a much higher
melting temperature than Cui_8S8 (where x is greater than or equal to
approximately 0.5). Loss of Se and S in CIGS layers can result in the
presence of Se and S vacancies in the resultant absorber layers than can
diminish the electrical performance of 



these CIGS absorbers. Additionally, the loss of Se and S can induce the
formation of phases with different stoichiometry than that of copper indium
gallium diselenide and copper indium gallium disulfide. These induced
phases often have detrimental effects on the electrical performance of CIGS
absorber layers. 5[0012] One method of controlling Se or S compositions is
to sputter or anneal Cu and In layers in the presence of H2S and/or H2Se.
Both H2S and H2Se are toxic and flammable, and thus, must be handled with
care. However, such a method does allow for precise dosing and very tight
control of the chalcogenide constituent. Another method involves sputtering
or annealing Cu and In layers in an atmosphere of Se or S vapors. However,
thermal 10 evaporation of Se and S is conventionally not easy to control in
high throughput fabrication processes. The sulfurization/selenization
occurs in an environment of excess chalcogenide and cannot be precisely
dosed or controlled. Furthermore, to minimize Se or S loss, the Cu and In
layers can be rapidly annealed. By way of example, in a rapid annealing
process, the temperature of the substrate upon which the photovoltaic cells
are deposited/grown may be 15increased a few degrees Celsius per second (or
faster) to minimize Se or S evaporation. [0013] In particular embodiments,
a CIGS absorber layer is formed by annealing Cu and/or In containing thin
films. In some embodiments, the annealing includes pulsed or flash
annealing. By way of example, the annealing process of particular
embodiments is performed on one of the four example multilayer structures
described below. 20[0014] The first example multilayer structure comprises
[Cuani,GadN/Sei_y_,SyTez, (where, in particular embodiments, x<0.7, 0<y<1,
0<z<1, N<100) multilayers. In particular embodiments, the thickness of each
layer in the multilayer structure may range from 0 to 4 pm while the total
thickness of the N layer structure is less than approximately 8 tm. By way
of example, the following layer structures may be used for the subsequent
annealing 25process of particular embodiments:  a) [Cu (0.15-0.5 pm
thickness)/Ini_"Gax (0.3-1.1 pm thickness)JN/Sei 1Sy(0.6- 4.0 kim
thickness), b) Cu (0.15-0.5 !MI thickness)/Ini,Gax (0.3-1.1 pm
thickness)/Sei -y-z S y Tez (0.6-4.0 pm thickness), 30c) [Ini,Gax (0.3-1.1
pm thickness)/Cu (0.15-0.5 pm thickness)]N/Se i_ySy(0.6- 4.0 pm thickness),
d) Ini_xGax (0.3-1.1pm thickness)/Cu (0.15-0.5pm thickness)/Sei -y-z S y Te
z (0.6- 4.0 pm thickness),   e) Ini"Gax (0.15-0.55 l_an thickness)/Cu
(0,08-0.25 irn thickness)/Ini,Gax (0.15-0.5 5m thickness)/Cu (0.08-0.25 um
thickness)/Sei_y,SyTe, (0.6-4 um thickness), 



f) Ini_xGax (0.25-1.0 jim thickness)/Cu (0.15-0.5 pm thickness)/Ini,Gax
(0.03- 50.11 um thickness)/Sel_y"SyTe, (0.6-4 pm thickness), g) Ini_xGax
(0.25-1.0 p.m thickness, Ga concentration 0.2<x<0.5)/Cu (0.15-0.5
thickness)/Ini,Gax (0.03-0.11 um thickness, Ga concentration
0.1x5_0.3)/Se1_y"SyTe, (0.6-4 um thickness).      [0015] The second example
multilayer structure comprises [(Ini,Gax)i-a(Sel-y-zSyTe,),"/Cul-
10p(Sei_y_zSyTez)p]N (where, in particular embodiments, xi0.7, Ni.100)
multilayers. In particular embodiments, the thickness of each layer in the
multilayer structure may range from 0 to 6 p.m while the total thickness of
the N layer structure is less than approximately 8 pm. By way of example,
following layer structures may be used for the subsequent annealing process
of particular embodiments: 15a) [(Ini.."Gax)1(SepySy), (0.5-2.5pm
thickness)/Cul-p(SelySy)p (0.3-2pm thickness)]N)  b)
(Inp"Gax)1,,,(Sel-y-zSyTez)c, (0.5-2.5 p.m thickness)/Cui,p(SeLy_zSyTez)p
(0.3- 2pm thickness),  c) (Ini,Gax)i-a(Sepy-zSyTez)a (0.45-2.25pm
thickness)/Cui, (Sely-zSyTez)p 20(0.3-2 p.m
thickness)/(Ini,Gax)I-a(Sei-y-zSyTez)a (0.05-0.25 p.m thickness),
(Ini,,,Gax)i-a(Sei-y-zSyTez), (0.45-2.25pm thickness, Ga concentration
0.2ixi0.5)/Cul-p(Sei.y,,SyTez)0, (0.3-2pm
thickness)/(Ini,"Gax)i-a(Sci-y-zSyTez)a (0.05-0.25pm thickness, Ga
concentration 0.1xi0.3),       e) [(Ini."Gax)pc,(SepySy)a (0.45-2.25pm
thickness, Ga concentration 250.2ixi0.5)/Cui-p(SelySy)p (0.3-2pm
thickness)/(Ini,,,Gax)i,a(SeliSy),, (0.05- 0.25pm thickness, Ga
concentration 0.11xK 0.3)] N. [0016] The third example multilayer structure
comprises Cua(Inp"Gax)p(Sel-y-zSyTez)i-a-0, 



(where, in particular embodiments, 0.1icci0.4, 0.1if3i0.4, a+13K0.7, xK0.7,
OKy-K1 , Oizil) layer (for 0.5<a+13.i0.7 the layer is annealed in the
presence of H2S and/or H2Se). In particular 30 embodiments, the thickness
of the layer can range from 0.8 to 8 p.m. By way of example, following
layer structures may be used for the subsequent annealing process of
particular  WO 2011/066370PCT/US2010/057980 embodiments:           a)
Cua(Ini,Gax)p(SepySy)1_,H3 (0.18iw.0.25, 0.243.0.28, a+f30.5, x0.7,
b) Cuc,(Ini."Gax)p(Sepy.zSyTez)1_,H3 (0.18Ka0.25, 0.D.13W.28, a+V0.5,
5z0.1), e) Cua(Ini.,,Ga.)p(Seil,,SyTez)1,13 (0.22Ka0.3, 0.17i13"125,
cc+13_0.5, x0.7, UyKl, z0.1), d) Cua(Inp,Gax)13(Sei-y,SyTez)i--a_p
(0.2aK0.25, 0.23.130.28, a+ 0.5, z=0). 10[0017] The fourth example
multilayer structure comprises [Cua(Ini,Ga.)13(Sei-y- zSyTez)i-ci-piN,
(where, in particular embodiments, for each layer 0.ccQ,x0.7, 0y1l,
total concentration of Cu, In + Ga, and Se+ S+Te across all N layers should
not exceed 30 at. /0, 30 at. % and 70 at. A), respectively and total number
of layers NQ00). In particular embodiments, the thickness of each layer in
the multilayer structure may range from 0 to 6 15 vim while the total
thickness of the N layer structure is less than approximately 8 him. By way
of example, following layer structures may be used for the subsequent
annealing process of particular embodiments: a) Cua(Ini,"Gax)0(Sei-ySy)1,13
(0.18ca0.25,a+V0.5, 0.2x0.5, 



0._y.1)(0.3-2pmthickness)/Cua(Ini,"Gax)p (Se' ySy) 1 -a_p 200.2K13W.28,
a+pi0.5, 0.1K)a0.3, OqQ) (0.3-2pm thickness)/Cua(Ini,
,Gax)13(Set-ySy)i..c_f3 (0.18ic0.0.25, 0.20K0.28, a+(3K.0.5, 0Kx0.25,
OiyKl) (0.3- 21.im thickness), b) Cuc,(Ini,Gax)p(Sei,y.zSyTez)1_a_13
(0.18.aK0.25,a+13o.5, zW.1) (0.3-2pm
thickness)/Cua(Ini.xGax)p(Sepy-zSyTez)i-oc-0 25(0.18icci0.25,
0.200.28,zK0.1) (0.3-2pm thickness)/Cua(Ini,Gax)p(Sell,SyTez)i-a-n(0.18 o1
0.25,0.2 .13_0.28, a+ V0.5, 0Kx.c.0.25, 0i3q1, z0.1) (0.3-2pm thickness).
[0018]In particular embodiments, the multilayer structures described above
may be deposited (e.g., by conventional sputtering or magnetron sputtering)
in vacuum or in an 30 atmosphere that consists of or includes at least one
of the following gases: Ar, H, N2, 02, H2S, and H2Se. In particular
embodiments, one or more of the layers of the multilayer structures
described above may be doped (e.g., up to approximately 4 atomic percent
(atomic  WO 2011/066370PCT/US2010/057980 %)) with at least one of the
following elements: Na, P, K, N, B, As, and Sb. In particular embodiments,
to improve the electrical properties of the resultant CIGS absorbers and to
optimize the subsequent annealing process, Cu and Cul_p(Sei_y_zSyTez)p
layers may contain up to approximately 20 atomic % of at least one of the
following elements: Al, Si, Ti, V. Zn, Ga, 5 Zr, Nb, Mo, Ru, Pd, In, Sn,
Ta, W, Re, Ir, Pt, Au, Pb, and Bi. In particular embodiments, Iflj xGax and
(Ini_xGax)i_a(Sel_y_,SyTez)a layers may contain up to approximately 20
atomic % of at least one of the following elements: Al, Si, Ti, V, Cu, Zn,
Zr, Nb, Mo, Ru, Pd, Sn, Ta, W, Re, Ir, Pt, Au, Pb, and Bi. In particular
embodiments, Cua(Ini_xGax)p(Sei,SyTez)y layers may contain up to
approximately 20 atomic % of at least one of the following elements: Al, 



10 Si, Ti, V, Zn, Zr, Nb, Mo, Ru, Pd, Sn, Ta, W, Re, Ir, Pt, Au, Pb, and
Bi. In particular embodiments, if, in the proposed layer structures, the
total concentration of Cu is larger than the total concentration of In and
Ga, the layers may be etched (e.g., using KCN for etching Cu-rich phases)
after the subsequent annealing process to remove Cu-rich phases, which may
be detrimental for CIGS performance. 15[0019] In particular embodiments,
all of the layers described above, except Sei_y,SyTez, may be deposited by
magnetron sputtering. In particular embodiments, the SeiSyTez may be
deposited using thermal evaporation techniques. In particular embodiments,
Cu, Ini-xGax, (Ini_xGax)i_a(Sei-y-,SyTez)c" Cui_p(Sei_y_zSyTeOp, and
Cua(Ini_xGax)p(Sei_y_zSyTez)y layers may be deposited over either
non-heated substrates or over substrates that have been pre-heated to 20
temperatures up to, by way of example, 12 degrees Celsius. By way of
example, the following substrate temperature conditions may be used during
the sputtering of Cu, IniGax, (Ini_xGax)i_a(Sei_y-zSyTez)a,
Cul-p(Set-y-zSyTez)p, and Cua(Ini_xGax)0(Sei_y_,SyTe,)), layers:     a) The
substrate temperature is kept below approximately 200 degrees Celsius
during layer deposition to minimize the evaporation of S, Se, and Te from
the deposited 25multilayer stack, b) The substrate temperature is first
kept below approximately 200 degrees Celsius for sputtering at least one of
the layers and then is subsequently increased to temperatures between, by
way of example, 200 degrees Celsius and 600 degrees Celsius for sputtering
the remaining layers (e.g., (Ini-xGax)i-a(Sei_y_zSyTeA, is deposited at
30approximately 200 degrees Celsius and then Cui_p(Sei_y_zSyTez)p is
deposited over -y-zS yT ez), at a temperature of approximately 550 degrees
Celsius, c) The substrate temperature is kept between approximately 200 and
400 degrees Celsius during layer deposition,  WO
2011/066370PCT/US2010/057980 d) The substrate temperature is first kept
below approximately 450 degrees Celsius for sputtering at least one layer
and then is increased to temperatures between, by way of example, 400 and
700 degrees Celsius for sputtering the remaining layers, e) The substrate
temperature is first kept below 450 degrees Celsius for sputtering at least
one layer, then is increased to temperatures between, by way of example,
400 and 700 degrees Celsius for sputtering at least one layer, and then is
decreased to temperatures between, by way of example, 550 and 100 degrees
Celsius for sputtering the remaining layers (e.g.,
(Ini_xGax)i,(Sei_y_zSyTez)c, is deposited at approximately 200 degrees
Celsius, then Cui_p(Sei_y_,SyTez)o is deposited over (Ini_xGax)1_,(Sei_y_
10  zSyriez)a at a temperature of approximately 550 degrees Celsius, and
then (InGax)ic,(Sei_y_zSyTez), is deposited over
(Ini_xGax),_"(Sel_y_,SyTez),,/Cui_o(Sel_y_,SyTezh, layers at approximately
500 degrees Celsius. [0020] In particular embodiments, the annealing of the
multilayer thin film structures described above can be performed using a
light source, such as, by way of example, a 



15  halogen lamp or a laser, as well as additionally or alternately, using
resistive heaters. The heating may be effected either directly onto the
surface of the multilayer thin film structure or by way of the back
substrate. By way of example, Figures 3A-3D illustrate various methods of
annealing the multilayer structures described above. More particularly,
Figures 3A, 3C, and 3D show simplified plots of the dependence of the
temperature of a multilayer structure 20  as a function of time (T(t))
during annealing of the multilayer structure. Even more particularly, in
Figure 3A, the temperature of the multilayer structure is first increased
from To to T1 with a temperature ramp rate (increase rate) of (Ti-To)!
(ti-to) followed by a decrease to To with a cooling rate of
(To-Ti)/(t2-ti). Figure 3B shows a more realistic representation of the
temperature dependence (T(t)) of the multilayer structure during the
annealing process. 25  More specifically, as shown in Figure 3B, the ramp
rate usually decreases at higher temperatures and the cooling rate is
usually faster at higher temperatures. However, for some cases, a linear
temperature dependence is assumed for simplicity reasons. Continuing with
the example annealing process shown in Figure 3C, the temperature of the
multilayer structure is first increased from To to T1 with a temperature
ramp rate of (Ti-To)/(ti-to). The 30  temperature of the multilayer
structure is then kept at approximately T1 for a time t2-ti before
subsequently reducing the temperature to To with a cooling rate of
(To-Ti)/(t342). Finally, in the example annealing process shown in Figure
3D, the multilayer structure is first preheated to a temperature T1 before
increasing the temperature of the multilayer structure from Ti to  WO
2011/066370PCT/US2010/057980 T2 with a temperature ramp rate of
(T2-Ti)/(t241). The temperature of the multilayer structure is then kept at
approximately T2 for a time t342 before subsequently reducing the
temperature to To with a cooling rate of (To-T2)/ (14-t3). [0021] Figures
4A-4C illustrate various alternate step-wise methods of annealing the 5
multilayer structures described above. More particularly, Figure 4A
illustrates an annealing process in which the multilayer structure is first
heated to T1 with a ramp rate of (T1-T0)/(t1 - to), then kept at
approximately Ti for a time t241, then heated to T2 with a ramp rate of
(T2Ti)/(t3-t2), then kept at approximately T2 for a time t443, and so on
until a target temperature T11 is reached. Figure 4B illustrates an
annealing process in which the multilayer structure is 10 first heated to
the highest target temperature T1 where annealing is performed at T1 for a
time t241, followed by step-wise cooling. More particularly, the
temperature of the multilayer structure is decreased to T2 at a rate
(T2-Ti)/(t342) followed by maintaining the temperature at approximately T2
for a time t443 and so on until a target temperature To is reached. Figure
4C illustrates an annealing process in which the multilayer structure is
heated using the step-wise 15  heating method described with reference to
Figure 4A and then subsequently cooled using the step-wise cooling method
described with reference to Figure 4B. [0022] In particular embodiments,
during the annealing process, the multilayer structure is annealed
according to one of the following more specific methods. In particular
embodiments, the annealing comprises pulsed or flash annealing. 201) The
multilayer structure is heated with a heating ramp rate of or exceeding 1
degree Celsius per second to a highest temperature below approximately 1200
degrees Celsius, followed by cooling at a cooling rate of or exceeding 0.1
degrees Celsius per second to a temperature below, for example, 300 degrees
Celsius. However, in embodiments in which the 25annealing process utilizes
laser annealing, the heating ramp rate may exceed, for example, 106 degrees
Celsius per second. 



2) The multilayer structure is heated with a heating ramp rate exceeding 1
degree Celsius per second to a highest temperature below approximately
1200 degrees Celsius, followed by cooling at a cooling rate exceeding 1
30degree Celsius per second to a temperature below 300 degrees Celsius. 3)
The multilayer structure is heated with a heating ramp rate exceeding 1
degree Celsius per second to a highest temperature below approximately 1200
degrees Celsius, then kept at this temperature for less than 60 minutes,
followed by cooling at a cooling rate of or exceeding 0.1 degree  WO
2011/066370PCT/US2010/057980 Celsius per second to a temperature below 300
degrees Celsius. 4) The multilayer structure is heated with a heating ramp
rate exceeding 1 degree Celsius per second to a highest temperature below
approximately 650 degrees Celsius, then kept at this temperature for less
than 60 minutes, 5followed by cooling at a cooling rate exceeding 0.1
degree Celsius per second to a temperature below 300 degrees Celsius. 5)
The multilayer structure is first pre-heated to a temperature below
approximately 400 degrees Celsius, then heated with a heating ramp rate
exceeding 1 degree Celsius per second to a highest temperature below 10
approximately 1200 degrees Celsius, then kept at this temperature for less
than 60 minutes, followed by cooling at a cooling rate exceeding 0.1 degree
Celsius per second to a temperature below 300 degrees Celsius. 6) The
multilayer structure is heated with a heating ramp rate exceeding 1 degree
Celsius per second to a highest temperature below approximately 15 1200
degrees Celsius, then kept at this temperature for less than 60 minutes,
then cooled at a cooling rate exceeding 0.1 degree Celsius per second to a
temperature below 600 degrees Celsius, then kept at this temperature for
less than 60 minutes, then cooled with a cooling rate exceeding 0.1 Celsius
per second to a temperature below 300 degrees 20Celsius. 7) The multilayer
structure is first pre-heated to a temperature below approximately 400
degrees Celsius, then heated with a heating ramp rate exceeding 1 degree
Celsius per second to a highest temperature below approximately 1200
degrees Celsius, then kept at this temperature for less 



25 than 60 minutes, then cooled at a cooling rate exceeding 0.1 degree
Celsius per second to a temperature below approximately 600 degrees
Celsius, then kept at this temperature for less than 60 minutes, then
cooled with a cooling rate exceeding 0.1 Celsius per second to a
temperature below 300 degrees Celsius. 308) The multilayer structure is
first pre-heated to a temperature below approximately 400 degrees Celsius,
then heated with a heating ramp rate exceeding 1 degree Celsius per second
to a highest temperature below approximately 650 degrees Celsius, then kept
at this temperature for less than 60 minutes, then cooled at a cooling rate
exceeding 0.1 degree Celsius  WO 2011/066370PCT/US2010/057980 per second to
a temperature below approximately 560 degrees Celsius, then kept at this
temperature for less than 60 minutes, then cooled with a cooling rate
exceeding 0.1 Celsius per second to a temperature below 300 degrees
Celsius. 5[0023] In particular embodiments, the annealing processes
described above may be performed in vacuum or in the presence of an
atmosphere of gas. By way of example, the atmosphere of gas may include or
consist of at least one of H, He, N2, 02, Ar, H2S, Kr, H2Se, or Xe. In
particular embodiments, the pressure of the gas atmosphere may range from,
by way of example, 1E-8 Pa to approximately 1E7 Pa. In an alternate
embodiment, the 10 multilayer structures described above may first be
annealed in vacuum followed by annealing in the presence of at least one
gas as just described. [0024] In one particular embodiment, a multilayer
structure comprising In ',Cu, (where x is less than or equal to
approximately 0.5) and Ini_xCux (where x is greater than or equal to
approximately 0.5) is sputtered in the presence of a reactive H2S
atmosphere at approximately 15500 degrees Celsius. In one experiment, the
total composition of Cu in the resultant multilayer structure was higher
than that of In resulting in the formation of CuS phases in conjunction
with CuInS2. By way of example, as illustrated in Figure 5, which plots
X-ray diffraction data, the resultant multilayer structure shows the
formation of chalcopyrite ordered (signature peak (110) at 17.8) and CuAu
ordered (signature peak (001) at 16) 20CuInS2 phases in the film structure.
The chalcopyrite ordering of CuInSe2 may generally be more attractive for
high efficiency CIGS based photovoltaic cells. This multilayer structure 



may then be annealed with, by way of example, a halogen lamp at a heating
ramp rate of approximately 3 degrees Celsius per second to a maximum
annealing temperature of approximately 550 degrees Celsius and with an
annealing time at the maximum annealing 25temperature of approximately 2
minutes. In one experiment, after such annealing of this multilayer
structure, the majority of the CuAu phase was transformed into a
chalcopyrite phase. This is evidenced by the X-ray spectra of Figure 5,
which shows a reduction in the intensity of the CuAu-ordering peak (peak
(001) at 16) and an increase of the intensity of the chalcopyrite peak
(peak (110) at 17.8). Additionally, the experiment demonstrated that the 30
majority of the CuS phase evaporated from the film structure. As those of
skill in the art may appreciate, CuS is highly conductive and, hence, its
presence in CIGS absorbers is detrimental to the performance of
photovoltaic cells. Thus, annealing in accordance to particular embodiments
described above, can improve the ordering in CuInS2 (as well as in CuInSe2)
and, furthermore, remove the CuS phase from the film, both of which improve
the WO 2011/066370PCT/US2010/057980 quality of the CIGS absorber in a
photovoltaic cell. [0025] As another example, a (Ini_xGax)2Se3/Cu2Se (where
x is less than or equal to approximately 0.7) multilayer structure may be
sputtered at temperatures below approximately 400 degrees Celsius, followed
by annealing under the following conditions. 5First, the multilayer
structure is heated with a ramp rate exceeding 1 degree Celsius per second
to a maximum annealing temperature below approximately 600 degrees Celsius.
The multilayer structure may then be held at approximately the maximum
temperature for less than approximately 40 minutes. The multilayer
structure may then be cooled at a cooling rate exceeding approximately 0.1
degrees Celsius per second. This annealing process may be 10 performed in
an atmosphere that consists of at least one of He, Ar, N2, H2S, and H2Se.
The gas pressure may be an important parameter and may be varied from, by
way of example, 1E- 8 Pa (vacuum) to 1E7 Pa. In an even more particular
example, the (Ini_xGax)2Se3/Cu2Se multilayer structure may be annealed
below 600 degrees Celsius in vacuum for less than 30 minutes followed by
cooling in less than 14 Pa of a H2S atmosphere at a cooling rate
15exceeding 0.1 degrees Celsius per second to a temperature below 300
degrees Celsius. [0026] As another example, a (Ini_xGax)2Se3/CuSe2 (where x
is less than or equal to approximately 0.7) multilayer structure may be
sputtered at temperatures below approximately 400 degrees Celsius, followed
by annealing under the following conditions. First, the multilayer
structure is heated with a ramp rate exceeding 1 degree Celsius per 



20 second to a maximum annealing temperature below approximately 600
degrees Celsius. The multilayer structure may then be held at approximately
the maximum temperature for less than approximately 40 minutes. The
multilayer structure may then be cooled at a cooling rate exceeding
approximately 0.1 degrees Celsius per second to a temperature below
approximately 550 degrees Celsius. The multilayer structure may then be
held at 25approximately this temperature for less than 40 minutes followed
by cooling at a cooling rate exceeding 0.1 degrees Celsius per second to a
temperature below approximately 300 degrees Celsius. This annealing process
may be performed in an atmosphere that consists of at least one of He, Ar,
N2, H2S, and H2Se. Again, the gas pressure may be an important parameter
and may be varied from, by way of example, 1E-8 Pa (vacuum) to 1E7 Pa. In
an even more 30particular example, the (In1_xGax)2Se3/CuSe2 multilayer
structure may be annealed below 600 degrees Celsius in vacuum for less than
30 minutes followed by cooling in vacuum to a temperature below 550 degrees
Celsius, then annealed at approximately this temperature for less than 30
minutes in less than 14 Pa of a H2S atmosphere, followed by cooling at a
cooling rate exceeding 0.1 degrees Celsius per second to a temperature
below 300 degrees Celsius.  WO 2011/066370PCT/US2010/057980 [0027] As
another example, a Ini_xGax/Cu2Se/CuSe2 (where x is less than or equal to
approximately 0.7) multilayer structure may be annealed under the following
conditions. First, the multilayer structure is heated with a ramp rate
exceeding 1 degree Celsius per second to a maximum annealing temperature
below approximately 600 degrees Celsius. The 5 multilayer structure may
then be held at approximately the maximum temperature for less than
approximately 40 minutes. The multilayer structure may then be cooled at a
cooling rate exceeding approximately 0.1 degrees Celsius per second. Again,
this annealing process may be performed in an atmosphere that consists of
at least one of He, Ar, N2, H2S, and H2Se, and again, the gas pressure may
be an important parameter and may be varied from, by way of 10 example,
1E-8 Pa (vacuum) to 1E7 Pa. [0028] As another example, a Cu(IniGax)S (where
x is less than or equal to approximately 0.7) multilayer structure may be
annealed under the following conditions. First, the multilayer structure is
heated with a ramp rate exceeding 1 degree Celsius per second to a maximum
annealing temperature below approximately 600 degrees Celsius. The
multilayer 15structure may then be held at approximately the maximum
temperature for less than approximately 40 minutes. The multilayer
structure may then be cooled at a cooling rate exceeding approximately 0.1
degrees Celsius per second. Again, this annealing process may be performed
in an atmosphere that consists of at least one of He, Ar, N2, H2S, and
H2Se, and again, the gas pressure may be an important parameter and may be
varied from, by way of 20 example, 1E-8 Pa (vacuum) to 1E7 Pa. 



[0029] In particular embodiments, shorter annealing times are used to
minimize the production time for the resultant CIGS absorbers. Moreover,
shorter annealing times, as described above, can minimize the loss of S,
Se, and Te in these absorbers. [0030] Additionally, a number of process
enhancements may also be implemented in 25particular embodiments to
minimize and/or compensate for chalcogenide depletion during processing
and/or annealing. By way of example, given the precise control that can be
achieved in the previously described process pathways, some embodiments may
start off with an excess of the chalcogenide in the absorber layer (in
either elemental or compound forms) such that the depletion that occurs
during thermal processing is precisely accounted for and, 30thus, the
processing results in a CIGS absorber having the desired end stoichiometry.
As another example, some embodiments may include the simultaneous thermal
processing of two samples (two multilayer CIGS structures) positioned in
contact (or in close proximity) face-to-face with one another such that the
evaporative losses of S, Se, and Te of each sample are minimized due to the
material confinement and local over-pressure that results.  [0031] 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 all changes, substitutions,
variations, alterations, and modifications to the example 5 embodiments
herein that a person having ordinary skill in the art would comprehend.
CLAIMS  What is claimed is:        1. A method comprising: 5depositing one
or more thin-film layers onto a substrate, at least one of the thin-film
layers comprising at least one electropositive material and at least one of
the thin-film layers comprising at least one chalcogen material suitable
for forming a chalcogenide material with the electropositive material; 



annealing the one or more deposited thin-film layers at an average heating
rate of or 10exceeding 1 degree Celsius per second; and        cooling the
annealed one or more thin-film layers at an average cooling rate of or
exceeding 0.1 degrees Celsius per second. 2. The method of claim 1 wherein
at least one of the thin-film layers comprises 15[Cu/Ii.."GadN/Sei_ySyTe,
(where x<0.7, 0<y<1, Oz<1, N<100).        3. The method of claim 2 wherein
at least one of the thin-film layers comprises up to approximately 20
atomic % of at least one of the following elements: Al, Si, Ti, V, Zn, Ga,
Zr, Nb, Mo, Ru, Pd, In, Sn, Ta, W, Re, Ir, Pt, Au, Pb, and Bi. 20        4.
The method of claim 1 wherein at least one of the thin-film layers
comprises [(InpxGax)i.a(Sei,y,,SyTe,),,/Cul_p(Sepy.,SyTez)pb (where xq).7,
cu 0.8, p 0.8, 0_ycl, N_c100). 255.The method of claim 1 wherein at least
one of the thin-film layers comprises Cua(Ini,Gax)p(Sei-y-zSyTez)i,p,
(where 0.hccK0.4,a+130.7,NzKl) layer.             6. The method of claim 5
wherein, for 0.5<a+ f30.7, the thin-film layer is 30 annealed in the
presence of H2S and/or H2Se.             7. The method of claim 2 wherein
at least one of the thin-film layers comprises
[Cuc,(InpxGax)0(Se1_y_zSyTez)1-a-p1N, (where for each layer OKOKxK 0.7,
NyK1 ,  and total concentration of Cu, In and Ga, and Se+S+Te across all N
layers does not exceed 30 at. A), 30 at. % and 70 at. A), respectively and
a total number of layers NK100).           8. The method of claim 1 wherein
the one or more thin-film layers are deposited 5 in vacuum. 



9. The method of claim 1 wherein the one or more thin-film layers are
deposited in an atmosphere that consists of or includes at least one of the
following gases: Ar, H, N2, 02, H2S, and H2Se. 10        10. The method of
claim 1 wherein at least one of the one or more thin-film layers are doped
with at least one of the following elements: Na, P, K, N, B, As, and Sb.
11. The method of claim 1 wherein annealing the one or more deposited
thin-film 15layers comprises pre-heating the one or more deposited
thin-film layers to a first temperature, wherein the one or more deposited
thin-film layers is heated to a second temperature at the average heating
rate.            12. The method of claim 1 wherein annealing the one or
more deposited thin-film 20 layers is performed in vacuum.        13. The
method of claim 1 wherein annealing the one or more deposited thin-film
layers is performed in the presence of an atmosphere of gas. 2514.The
method of claim 1 wherein annealing the one or more deposited thin-film
layers is performed in vacuum followed by annealing in the presence of at
least one gas. 


