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ADVANCED 2-STEP, SOLID SOURCE
DEPOSITION APPROACH TO THE
MANUFACTURE OF CIGS SOLAR MODULES

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Patent
Application 61/389,943, entitled, “Layered Selenization
Approach to the Manufacture of CIGS Solar Modules”, filed
Oct. 5,2010, the contents of which are herein incorporated by
reference.

FIELD OF INVENTION

This invention relates to copper indium gallium diselenide
(CIGS) solar modules. More particularly, the invention
relates to a manufacturing process for CIGS solar modules.

BACKGROUND OF THE INVENTION

Current trends suggest solar energy will play an important
role in future energy production. Silicon has been and
remains the traditional solar cell material of choice. While
silicon is a highly abundant material, it requires an energy
intensive process to purify and crystallize. Furthermore,
installations of silicon cells require heavy glass protection
plates, which reduce residential applications. Recently, com-
mercial interest is beginning to shift towards thin film cells.
Material, manufacturing time, and weight savings are driving
the increase in thin films. CIGS solar cells have the highest
efficiency among thin film technologies.

CIGS thin film solar cells have achieved an efficiency of
over 20% in the laboratory. Several companies have
attempted to scale-up and commercialize the technology, but
none has yet made a significant impact. The difficulty has
been developing a viable manufacturing process. There are
two leading technologies that are being pursued: co-deposi-
tion which has produced the record lab cell efficiencies, and
the two-step process of depositing a metal precursor contain-
ing the entire thickness of metals and then selenizing it. There
are several variations in the latter process including use of
H,Se gas or evaporated Se as the selenizing agent, and depo-
sition of the precursor by physical vapor deposition, electro-
plating or from an “ink” bearing liquid. While many factors
come into play, a simplistic overview is that the co-deposition
process is difficult to control in large areas, and the seleniza-
tion processes are slow. A particular difficulty with the co-
deposition process is that the established technology for coat-
ing large areas in a manufacturing environment is sputtering.
While the metals can be sputtered, sputtering Se at the
required rates is a challenge. Efforts to sputter the metals in
the presence of a Se vapor provided by an evaporation source
have resulted in poisoning of the metal targets. A combination
of sputtering for the metals and evaporation for Se may over-
come this difficulty. However, sputtering and evaporation are
most effective in different pressure regimes, which make
them difficult to use in the manufacturing process. Further-
more, Se is known to permeate the deposition environment
and interfere with the sputtering tool.

The best co-deposited films are made with either a 2-step or
3-step process. In the 2-step process, a first layer is deposited
which is basically a Cu-rich layer of Cu, Ga and Se, and could
contain a small amount of In. The role of this layer is to form
an initial large grain structure to propagate the growth of large
grains for the finished CulnGaSe, film. The film is grown at a
substrate temperature of about 300° C. which fosters the
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growth of binary phases. Under typical conditions the pre-
dominant phases are Ga,Se; and Cu,Se,. For equal numbers
of the binaries Ga2Se3 and Cu3Se2, the Cu/Ga ratio is 1.5,
and the Se content is 50%. Other Cu phases can form depend-
ing on the Se flux. CuSe and Cu,Se can also form. While
Ga,Se; remains the dominant phase for Ga under most con-
ditions, Ga,Se can form under low Se flux as well. This
compound is volatile and results in loss of Ga from the film.
To prevent this, high Se fluxes are typically used, but this is
wasteful of Se. One then must attempt to tune the conditions
to produce the desirable film while maximizing the tradeoffin
Ga and Se waste. In the 3-step process the first step is depo-
sition of a Group I1I-VI compound, usually Ga,Se,. Cu is not
used in the first step because the III-VI selenides form a
smooth and dense surface which improves overall film uni-
formity and yield. In the second step the Cu is added to
accomplish the Cu-rich larger grain growth, and the proper
quantities of all three metals are added in the third step to
result in desired metal ratios for the finished film. These steps
also provide means of grading the Ga composition.

Deposition technologies that can match the performance of
small area CIGS cells in large areas and production volumes
are needed. The best small area cells are made by co-evapo-
ration of the constituent elements. However, it has been dif-
ficult to use this approach in commercial production because
there are no suitable large area production viable evaporation
tools as discussed above.

In summary, the highest efficiency achieved for CIGS solar
cells involves a multi-step co-deposition process that is diffi-
cult to scale up to a viable manufacturing process. Alternative
deposition approaches that are easier to manufacture do not
attain the performance level of the multi-step co-deposition
process. Consequently, the commercialization of CIGS tech-
nology lags that of other thin film technologies despite its
higher demonstrated efficiency in the laboratory.

SUMMARY OF THE INVENTION

The present invention provides a technique for the manu-
facture of high performance, low cost CIGS solar modules.
The preferred technique is to use sputtering for the metals and
evaporation for Se, and to locate the sources in adjacent
chambers. The acronymn for the novel process is 2SSS which
stands for “2-step solid source”. The 2-step process com-
prises step 1 involving deposition of metals, followed by step
2, which involves selenization of the metal stack. To form the
Cu-rich CGS layer according to the 2-step process using
28SS, Cu and Ga metals are deposited first (2SSS step 1) and
are then selenized (2SSS step 2). This is to be contrasted with
the conventional 2-step process of co-depositing Cu, Ga and
Sein step 1.

In summary, the method to form an absorber layer in the
manufacture of CIGS solar modules, comprising the steps of:
providing a substrate or superstrate; heating the substrate or
superstrate to a desired temperature; depositing at least one
metal layer containing Cu, In and Ga in a first deposition
zone; exposing the metal layer to a source of Se to selenize the
film to a desired level; and repeating steps of depositing metal
layer and exposing the metal layer to Se source until a desired
thickness and composition are attained.

Key design includes differential pumping, which can con-
trol egress of Se vapor into the sputtering region to prevent
contamination of the targets. In this arrangement metals are
first deposited and then selenized in an adjacent chamber.
This is done in a layer by layer sequence until the desired film
thickness is attained.
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Cost and performance projections for this CIGS manufac-
turing technology employing multiple sequential deposition
chambers indicate that capital cost contributions of less than
$0.1/Watt can be attained in large volume manufacturing.
This enables a module manufacturing cost of less than $0.50/
Watt which is less than current manufacturing technologies.

BRIEF DESCRIPTION OF THE DRAWINGS

For a fuller understanding of the invention, reference
should be made to the following detailed description, taken in
connection with the accompanying drawings, in which:

FIG. 1 is an illustration a method to manufacture CIGS
solar modules;

FIG. 2 is an illustration of the capital cost for the CIGS
layer.

FIG. 3 is an illustration of CGS film composition as a
function of deposited metal layer thickness.

FIG. 4 is an illustration of CGS composition as a function
of Ga source temperature.

FIG. 5 is an illustration of comparison of the quantum
efficiency of devices made with the novel 2SSS process with
that of devices made by co-deposition.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

The present invention provides a method called 2-Step,
Solid Source (2SSS) processing, as shown in FIG. 1, to over-
come the limitations of the prior art.

The invention is a novel method for the deposition of the
absorber layer which can be CIGS or any suitable alloy of the
I-1I1-V1, family of compounds including compounds such as
CuZnSnSe, which use more earth abundant elements in place
of'In and or Ga. The platform can be either of the substrate or
superstrate variety of any material including glass, stainless
steel and other metal foils or polyimide or any other flexible
material capable of supporting the film. In the most common
substrate configuration a metal contact such as Mo is first
deposited on the substrate. The absorber layer is then depos-
ited on the Mo/substrate as it passes through the deposition
chamber as illustrated in FIG. 1. One specific embodiment for
the invented method in a 2-step process would be as follows:
1. Preheat the substrate to a temperature of about 300° C. Inan
alternative embodiment, the substrate is preheated to a tem-
perature of about 275° C.

2. Deposit a thin layer of Cu and Ga in the first deposition
zone of the deposition system. This can be done by sputtering
from a single target of Cu and Ga or using two targets con-
taining Cu and Ga in desired proportions.

3. While maintaining the temperature at about 300° C. (or
275° C.), move the substrate into the second zone in the
deposition system and expose the metal layer to Se flux at
such a rate to selenize the layer.

4. Move the substrate to the next deposition zone and repeat
steps 2 and 3. This process is repeated until the CuGaSe layer
reaches the desired thickness. In a preferred embodiment this
film will be Cu-rich.

5. Once the CuGaSe layer is completed, heat the substrate to
about 550° C. while moving it to the next deposition zone. In
an alternative embodiment, the substrate is heated to a tem-
perature of about 530° C.

6. In this zone deposit a thin layer of Cu In and Ga in suitable
proportions to achieve the desired stoichiometry in the com-
pleted absorber layer. Electronic quality films typically have
0.8=Cu/Group I1I=1.0. As in step 2 the metals can be depos-
ited from single or multiple targets containing Cu, In and Ga.
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7. While maintaining the temperature at about 550° C. (or
530° C.), move the substrate into the next zone in the depo-
sition system and expose the growing film to Se flux at such a
rate to selenize the unreacted metals in the layer.

8. Move the substrate to the next zone and repeat steps 6 and
7 and continue to repeat this process until the necessary
number of layers is deposited to attain the desired thickness
and stoichiometry of the absorber layer.

9. Following the deposition steps the film is then subjected to
a suitable temperature profile including cool down to opti-
mize its properties. During this period the film may be
exposed to additional Se flux at suitable levels to preserve its
integrity.

10. Device completion layers are then deposited on the
absorber layer to result in the formation of a junction and
electrode for extracting power. Commonly used materials for
this purpose are CdS and ZnO.

In the steps described above, Group 11, IIl and IV, elements
such as Zn and Sn can be substituted for or used in addition to
In and Ga. Other Group VI elements, such as S, can be
substituted for or used in addition to Se.

The above steps refer to the formation of the absorber layer
which is the subject of the invention. There are many possible
configurations for the finished solar cells and modules in the
preparation of the substrate or superstrate, the manner of
formation of the junction forming materials, the transparent
contact layers and current collection constructs. For example,
in the case of processing a monolithically integrated module
there would be patterning steps inserted at appropriate points
in the film deposition sequence. The deposition of the
absorber layer using the method of the invention can be uti-
lized in any of these approaches.

The viability of the 2SSS processes hinges on two key
issues: 1. Demonstrating that films and devices of comparable
quality and performance to those produced by current pro-
cessing can be realized, and 2. Demonstrating that the 2SSS
process is cost-effective.

To address issue 1, devices have been produced using labo-
ratory scale deposition systems. In this case deposition of the
metals as well as the Se flux is done by evaporation using
effusion cells. While sputtering is the preferred method for
deposition of the metals in a manufacturing environment
because of the established capabilities of large area sputter-
ing, for laboratory scale demonstration of device perfor-
mance in small areas this capability is not required. To simu-
late the 2-step sequential deposition process described above
shutters are used to alternate exposure of the substrate to
metal fluxes and Se fluxes. This enables the layer by layer
buildup of the absorber film. As discussed in further detail
below, for a 2-step process we have established that films with
the same properties of composition and structure to co-de-
posited films can be made with the 2SSS process. To further
our demonstration of the quality of these films, devices have
also been made and evaluated. As a comparison we made
devices in the following manner. In the first step, the Cu-rich
CuGaSe layer was made by depositing multiple thin layers by
28SSS. In the second step, the CuGaln layer was deposited by
co-deposition. As a baseline another device was made by the
same 2-step process but both steps were done by conventional
co-deposition. Total film thickness in each case was about 2
microns. Both films were finished into devices using chemi-
cal bath deposition of CdS followed by sputter deposition of
a ZnO bufter layer followed by a ZnO:Al transparent con-
ducting layer. Measurement of IV curves of several devices of
each in a solar simulator indicated comparable performance
of Voc’s of about 530 mV and Isc’s of about 31 mA/cm?.
Since the devices were just made for comparison purposes, no
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attempt was made to optimize the device formation steps. We
have found measurements of Jsc and Voc to suffice as indica-
tors of performance. No grids were deposited and conse-
quently the fill factor is not accurate. Under similar process-
ing with other devices we observe fill factors in the 0.70-0.75
range. As such these devices would have efficiency of order
12%. Since the entire film growth is different under 2SSS
processing performance parameters such as Jsc that are
dependent upon bulk properties are good indicators of
changes in electronic properties. A more sensitive probe of
these properties is the EQE, external quantum efficiency.
EQE spectra were taken for both types of devices and com-
pared by plotting the ratios. FIG. 5 shows the co-deposition
device is more efficient in the mid spectral range, while the
2SSS device is more efficient in the blue and red regions.
These differences have their origins in the underlying opera-
tion of the devices, but it can be seen that the overall perfor-
mance of the 2SSS device is comparable to the standard
co-deposition device. Furthermore, the small differences can
be improved by further tuning of the 2SSS process together
with the device formation steps. While sputtering is the pre-
ferred method of deposition for the metals, the 2SSS process
can be applied with other deposition technologies as well. An
example is deposition of the metals by evaporation as was
done in these laboratory experiments. This reduces the diffi-
culty of the co-deposition process which is based upon simul-
taneous fluxes of metals and Se reaching the substrate. While
this is not a difficulty in a laboratory-scale deposition system,
it is at the manufacturing level in which this needs to be
accomplished over large areas. With all evaporation based
28SS processing the sequential process of metal layer depo-
sition followed by selenization uncouples the sources allow-
ing for more facile placement to accomplish large area uni-
formity. Another variation of this process would include
selenization in a close space sublimation mode. Vapor trans-
port is another deposition technology with commercial poten-
tial. It could be utilized to deposit the metals. Again suitable
confinement of the processing fluxes would be utilized to
prevent cross contamination with the selenization chamber.

The key attributes of this process are as follows:

Metals are deposited by commercially viable deposition
technologies, preferably by sputtering;

Selenization of the metal layers is provided in subsequent
locations by large area sources that are separated from the
metal sources using constructs that prevent cross contamina-
tion of the sources and different processing conditions in the
metal and selenization chambers; this enables the metals to be
deposited under different pressure than that in the seleniza-
tion chamber.

The process consists of several sequential steps of metal
deposition followed by selenization. The number of steps is
determined by the targeted total thickness and the most effec-
tive thickness of each metal/selenization sequence that opti-
mizes throughput and performance. The thickness of each
metal layer is determined by the speed of movement of the
substrate and the deposition rate;

The process, as illustrated in FIG. 1, shows a configuration
for a 2-step process. The Cu-rich CuGaSe first step is accom-
plished in the upper chambers, and the CIGS second step is
accomplished in the lower chambers. As illustrated the metal/
selenization steps are repeated for each step until the desired
thickness is reached. In an actual system the chambers would
all be connected in series, typically in a line. In this approach
the substrate moves continuously through the system with
each area going through a given metal/selenization zone only
once. In a variation of this process the substrate could be
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moved back and forth between metal/selenization zones until
the desired thickness is reached.

There are three key factors that will determine the com-
mercial success of this approach:

1. The deposition rate/performance trade-off;
2. The metal layer thickness/performance trade-oft; and
3. The cost of the deposition unit.

Since metals can be sputtered at high rates, factor 1 will be
determined by the selenization rate. It is expected that this
will be determined by thermodynamics since evaporation
sources provide an abundance of Se. Factors 1 and 2 are not
independent of each other. The thicker the layer that can be
successfully selenized, the fewer the passes that are required.
While this will determine the overall system size and con-
figuration, the rate of selenization is still the key variable in
determining throughput.

A simple model was devised to approximate the cost of
capital for the absorber deposition with results shown in FIG.
2. Key parameters are the deposition rate, the total metal layer
thickness and the cost of a metal/selenization deposition
zone. Results are plotted for metal layer thicknesses of 3000
A, 4000 A and 5000 A. The cost of a deposition zone is
assumed to be $250K. For a deposition thickness of 4000 A a
second curve is shown for the case of having two sets of
deposition sources in each deposition zone. As can be seen,
the capital cost can be $0.10/W or less which is in the accept-
able range for an overall module cost of $0.50/W. Thickness
of the individual layers also becomes a driver of the system
configuration. As this thickness is lowered, more deposition
zones are needed. However, adding deposition zones also
increases throughput as the substrate is moved faster, so on
balance the capital cost is not a function of the total number of
zones.

The present invention allows extensive profiling of the
constituents. The 3-step co-deposition process which has pro-
duced world record efficiencies can easily be reproduced
using this approach.

Example
Control of Film Stoichiometry

In FIG. 3 compositional data is provided for the CGS layer
in a 2-step process. The data was attained by depositing the
same total metal thickness in steps of 6, 12, 25 and 50 cycles
of the metal layer deposition/Selenization sequence, which
results in corresponding individual metal layer thicknesses of
59.2,29.6, 14.8 and 7.4 nm respectively. The atomic compo-
sition as well as the Cu/Ga (X10) ratio is plotted at each
thickness. The deposition rates and conditions were identical
for these runs with the exception of the open symbols. Com-
position was measured by Energy Dispersive Spectroscopy
(EDS). The data points on the y axis are for a co-deposited
film which would have a metal layer thickness of zero for
comparison with the 2SSS films. A value of 0.1 was chosen to
allow plotting the data on a log scale. The data points at metal
layer thickness of 355 nm represent the other endpoint in
which the entire metal layer thickness is deposited as one
layer and then selenized. Thus the two endpoints represent the
known and practiced deposition technologies, while the cen-
ter points are the 2SSS process.

Since Cu compounds are not known to be volatile, the Cu
content is readily controlled by maintaining the deposition
rate. The Cu level is nearly independent of the metal layer
thickness, as shown in FIG. 3. In co-deposition the elemental
species all arrive on the growth surface together and have
nearly uninhibited access to each other. Growth is then
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expected to be driven primarily by thermodynamics, although
some component of surface migration could be operative. In
the case of the layered films, compound formation is prima-
rily on the surface. In such a case bulk kinetics or diffusion
also plays a role. Therefore, as the metal layers are made
thinner, the diffusion contribution is decreasing. Thus as the
thickness of the metal layers is reduced, film formation
should approach that of co-deposition, as shown in FIG. 3.
The trend lines shown for Ga and Se asymptote toward the
data for co-deposition.

At the 355 nm thick endpoint, all of the metal is deposited
in a single layer, and the layer needs to be selenized with the
same total Se flux as that used for the co-deposited films. The
Selenization level is below 30% indicating poor compound
formation. The Ga level on the other hand is high because a lot
of the Ga has not diffused to the growth surface and been
Selenized to form the desired Ga,Se; binary. At the same
time, this also reduced formation of Ga,Se which would have
removed Ga. Therefore, under the deposition conditions used
the Ga level before any loss might be expected to be about
35%. As the metal layers become thinner, the Ga level dimin-
ishes and the Se level increases, indicating greater reactivity
and formation of both Ga,Se; and Ga,Se. The trend lines
indicate the expected continuation of this process. However,
at the metal layer thickness of 29.2 nm the Ga composition
starts to rise again, and the Se starts to drop. This means that
diffusion is no longer dominant, but rather compound forma-
tion is limited by Se availability. The total Se flux has not
changed, but the exposure time of each metal layer to this flux
is reduced. Thus in this region both diffusion and thermody-
namics are operative. To counter this in another experiment
Se flux was increased by about 30% for the metal layer
thickness of 7.4 nm. The results are shown as open symbols.
It can be seen that Ga content drops and the Se content
increases indicating a much higher level of Selenization.

The Ga—Se interaction was further tested in another series
of'samples. The samples were made at a metal layer thickness
of 7.4 nm under similar conditions to those in FIG. 3. In this
case the parameter that was varied was the deposition rate of
Ga by varying the Ga source temperature. The starting point
was a source temperature of 1010° C. which is the same as
that used for the data of FIG. 3. The temperature was then
lowered to observe the effect of decreased Ga flux. The results
are shown in FIG. 4. As the Ga flux dropped there was a
corresponding drop in incorporated Ga, and a concomitant
increase in Se incorporation. This implies that some Ga at the
1010° C. flux level is unselenized, but the Se flux is sufficient
to selenize a lesser amount of Ga produced by lowering the
Ga source temperature. For the data point at 980° C. the Se
flux level was lowered by 25%. This resulted in somewhat
higher Ga incorporation even though the Ga flux was low-
ered. This indicates that Ga composition can be managed by
judicious selection of the selenization time and flux. In sum-
mary, the data indicates that films with good stoichiometry
can be produced by the 2SSS method. While films with lower
and higher metal layer thicknesses could require more Se than
co-deposited films, films with metal layer thickness in the
vicinity of 30 nm can be effectively selenized with the same
total amount of Se flux as co-deposited films. Practice of this
invention would focus on this region for this layer. As seen in
FIG. 3, the Cu/Ga level for the film at metal thickness 0f29.2
nm is about 2. For other desired values of this ratio the Cu flux
can be changed.

The two overriding aspects of film structure are formation
of'the proper compounds and the grain size. The predominant
XRD peaks for films co-deposited at 300° C. are 26=37°-38°,
27°-28° and 44°-45°. The best fit to these are the binaries
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v-Ga,Se;, Cu,Se,, and Cu,Se, respectively. Grain sizes are of
order 0.5 um. This structure is generally seen in the 2SSS
films. Having established that both composition and structure
is comparable in the CGS layer, we then extended our inves-
tigation of these properties in the completed film. This
involved deposition of a second layer containing In on top of
the first layer using the same 2SSS processing steps as the
CGS layer. Thetwo layer stack is then heated to above 500° C.
to form the final film. EDS data and XRD data again indicated
that composition and structure comparable to co-deposition
films was being attained in the completed 2SSS absorber
layers.

Itwill be seen that the advantages set forth above, and those
made apparent from the foregoing description, are efficiently
attained and since certain changes may be made in the above
construction without departing from the scope of the inven-
tion, it is intended that all matters contained in the foregoing
description or shown in the accompanying drawings shall be
interpreted as illustrative and not in a limiting sense.

It is also to be understood that the following claims are
intended to cover all of the generic and specific features of the
invention herein described, and all statements of the scope of
the invention which, as a matter of language, might be said to
fall therebetween.

What is claimed is:

1. A method of forming an absorber layer of copper indium
gallium diselenide (CIGS) solar modules, comprising the
steps of:

(a) providing a substrate or superstrate;

(b) preheating the substrate or superstrate to a first prede-

termined temperature;

(c) depositing onto the substrate or superstrate a first layer
containing Cu and Ga in absence of Se and In;

(d) exposing the first layer to Se;

(e) repeating steps (c) and (d) until the first layer attains a
first predetermined thickness;

(D) heating the substrate or superstrate to a second prede-
termined temperature, the second predetermined tem-
perature being higher than the first predetermined tem-
perature;

(g) depositing onto the substrate or superstrate a second
layer containing Cu, In, and Ga in absence of Se;

(h) exposing the second layer to Se; and

(1) repeating steps (g) and (h) until the second layer attains
a second predetermined thickness.

2. The method of claim 1, further comprising steps (c) and
(d) being performed in separate deposition zones to control
cross contamination.

3. The method of claim 2, further comprising the deposi-
tion zones being connected in series.

4. The method of claim 2, further comprising the substrate
or superstrate being transported across the deposition zones
until the first predetermined thickness is attained.

5. The method of claim 1, further comprising maintaining
the substrate or superstrate at the first predetermined tempera-
ture during steps (c) and (d), and maintaining the substrate or
superstrate at the second predetermined temperature during
steps (g) and (h).

6. The method of claim 1 further comprising first predeter-
mined temperature about 275° C. or about 300° C., and the
second predetermined temperature being about 530° C. or
about 550° C.

7. The method of claims 1, further comprising the first and
the second layers being deposited by sputtering.

8. The method of claims 1, further comprising the first and
the second layers being deposited by an evaporation process.
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9. The method of claims 1, further comprising Se being
deposited by an evaporation process.

10. The method of claim 1, further comprising a step (j) of
subjecting the substrate or superstrate to a predetermined
temperature profile.

11. The method of claim 10, further comprising exposing
the substrate or superstrate to a Se flux during step (j).

12. The method of claim 1, further comprising depositing a
third layer onto the substrate or superstrate to form a junction
and an electrode.

13. The method of claim 12, further comprising the third
layer being of CdS or ZnO.

#* #* #* #* #*
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