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1.0 SUMMARY

This is the Phase | Annual Technical Report of the subcontract titled "Application of CIS
to High Efficiency PV Module fabrication.” The general objectives of the program are the
development of a novel, non-vacuum process for CIS film deposition, optimization of the
various layers forming the CIS device structure, and fabrication of high efficiency
submodules. The specific goals of the project are the development of 11% efficient cells
and 8% efficient submodules using a novel, low-cost CIS deposition approach.

During this research period, we investigated the interactions between the soda-lime glass
substrate, the Mo contact film and the CIS absorber layer. Excessive Na diffusion through
the Mo layer was found to be the reason for excessive interaction between the substrate
and the CIS layers obtained by the H,Se selenization technique. This chemical interaction
was found to have influence on the stoichiometric uniformity of the absorbers. A Na
diffusion barrier needs to be developed to avoid this problem.

Addition of Ga into the CIS layers by the two-stage selenization technique yielded graded
absorber structures with higher Ga content near the Mo/absorber interface. Gallium was
later diffused through the absorber film by a high temperature annealing step and large
bandgap alloys were obtained. Solar cells with active area efficiencies of close to 12%
were fabricated on these CIGS layers. Sulfur addition experiments were also carried out
during this period. By controlling the Se and S availability to the precursors during the
reaction step of the process, various S profiles were obtained in high bandgap absorber
layers. The highest efficiency cell made on S-containing absorbers was about 10%
efficient.

A low-cost, non-vacuum technique was successfully developed for CIS film growth. Layers
prepared using this novel approach were used for solar cell and submodule fabrication.
Solar cells with active area efficiencies around 13% were demonstrated. Submodules with
efficiencies above 8% were also fabricated. These results represent the best PV devices
ever produced on CIS layers obtained by a non-vacuum technique.



20 INTRODUCTION

This is the Phase | Annual Technical Report of a subcontract titled "Application of CIS to
High Efficiency PV Module Fabrication”. The objective of this program is to develop
understanding and solutions for certain issues related to cost-effective production of CIS-
based PV modules. The most important task is the development and demonstration of a
novel, low-cost method for CIS fim growth that does not employ expensive vacuum
processing. Another task involves study of Ga and/or S addition into the CIS absorber
layers for bandgap tailoring.

Recent advances made in CIS and related compound solar cell fabrication processes
have clearly shown that these materials and device structures can yield power conversion
efficiencies greater than 15%. Thin film CIS solar cells fabricated at ISET employing the
two-stage selenization process have achieved conversion efficiencies of around 13%.
ISET's two-stage process for CIS thin film growth involves selenization of metallic Cu-In
precursors. In this approach the Mo coated glass substrate is first coated with a thin layer
of Te. This step is then followed by the sequential deposition of In and Cu layers. The
resulting films are highly alloyed Cu-In precursors that can be repeatably processed into
good quality CIS layers. For CIGS absorber formation, Ga can be added into the
precursor layer. The details of these processes and the results obtained were described
in our 1995 Final Report [1] and will not be repeated here. The following sections of this
report will provide information about three major areas of research carried out during the
last 12-month period, i.e., investigation of CIS-Mo-substrate interactions, studies on large
bandgap absorber layers and development of a novel, non-vacuum CIS deposition
technique.

The specific goals of this 12-month program as listed in the “Statement of Work” and the
“Schedule of Deliverables” are : The development of 11% efficient cells of 1 cm? area and
8% efficient submodules of 4"x4" area using a novel, low-cost, non-vacuum CIS growth
technique.



3.0 TECHNICAL DISCUSSION

Details of ISET's baseline selenization technique and the device fabrication steps have
been previously described [1]. In summary, these baseline processes involved vacuum
deposited metallic precursors and vapor phase selenization. Cu-In precursors of various
stoichiometries were deposited onto Mo-coated soda-lime glass substrates at room
temperature using the evaporation and sputtering methods. Gallium addition into the
absorber layers was achieved by adding a thin layer of Ga into the Cu-In precursor stack.
Selenization of the precursors was carried out in a reactor kept at a temperature of about
400 °C. The reactive atmosphere in the selenization chamber contained a mixture of H,Se
gasandAr. For device fabrication, CIS films were coated with a thin (600-2000 A) CdS
layer using the solution growth technique. This step was then followed by the deposition
of a conductive ZnO window layer using-.the MOCVD method.

It should be noted that the above described CIS film growth technique was only used for
the tasks involving Ga/S addition to the absorbers and for the task that was designed to
study the substrate/film interactions. Tasks involving the development of a novel CIS
growth approach naturally did not have any vacuum deposition step. In these tasks, films
were grown through a new non-vacuum technique. Device fabrication steps, however,
were common to CIS absorbers obtained by both vacuum and non-vacuum approaches.

3.1 CIS-Mo-Substrate Interactions

Although, glass is commonly distinguished by its high chemical resistance at low
temperatures, its reactivity may actually be extensive at temperatures and chemical
environments employed in CIS film growth. The typical composition of a soda-lime glass
sheet in weight percentages is 70% SiO,, 15% Na,O, and the balance, the oxides of Ca,
Al, Mg, Ba and K[2]. The Na-O network in soda-lime glass is known to be reactive and
we had previously studied the extensive reactions that are possible between the Na in the
glass substrate and the selenization environment.

Mo is the contact layer that stands between the selenization environment and the soda-
lime glass substrate. If no prior processing is done on the surface of the soda-lime glass
substrate, Mo can act as the barrier or the conduit to the diffusion of Na from the glass
substrate into the growing CIS layer. In our previous work we had shown that the diffusion
of Na through a Mo contact layer depended on various factors such as the structure and
chemical content of the Mo film. During this period we have carried out further experiments
to shed light on this very important topic.

Mo films were grown in a sputtering system with vertical geometry. The soda-lime glass
substrates were passed in front of a DC magnetron cathode at a controlled speed to
deposit 1-3 um thick layers. Mo/glass samples as well as Mo/glass/Cu-In structures were
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selenized in a H,Se atmosphere at around 400 °C for about 30 minutes. Auger depth
profiling was used to determine the distribution of the reaction products through the
selenized layers. XPS measurements were also employed to investigate the chemical
nature of these products. Some of these experiments were carried out as part of the
teaming effort coordinated by NREL.

A set of six samples were analyzed by AES measurements. This set contained the
following samples:

Sample Mo134 ("good"Mo on soda lime glass substrate).

Sample Mo317 ("bad" Mo on soda-lime glass substrate).

Sample Mo134 selenized.

Sample Mo317 selenized.

Sample Mo134 with a thin CIS layer deposited on it (CIS/Mo/glass structure).
Sample Mo317 with a thin CIS layer deposited on it (CIS/Mo/glass structure).

The Auger depth profiles of Fig. 1a and 1b were taken from the two as-deposited Mo
samples. The profiles obtained from these Mo layers after the selenization step are given
in Fig. 1c and 1d. The thickness of Mo134 was about 1.5 um, whereas, Mo317 was 0.7
um thick.

Auger profiles of Fig. 1 show fluctuations in the intensities of the Mo signals through the
two films studied. Every decrease in Mo signal coincides with an increase in the level of
the O signal. These fluctuations in the Mo signal are due to the fact that the Mo films of
this experiment were deposited in the form of multiple layers (multiple passes in front of
the Mo target). Apparently every time the film went through the plasma region of the target
and the deposition was terminated until the next pass, some oxidation took place on the
surface of the deposited film giving rise to the high oxygen regions observed in the Auger
data. The Mo layer of Fig.1a had six such layers. The Mo film of Fig. 1b was prepared in
only two passes in front of the sputtering target as confirmed by the Auger measurement.
One interesting observation from the data of Fig. 1 is the difference between the two Mo
films in terms of their oxygen content. The background oxygen content of the film of Fig.
1ais about 10%, whereas, this value is less than 2% for the film of Fig. 1b. Surface survey
of these two as-deposited Mo layers indicated that no appreciable Na diffusion took place
through the layers during the Mo deposition step since no Na signal was observed on their
surface. After selenizing the above mentioned Mo samples, however, a large Na signal
appeared along with a strong O signal on the surface of the “bad” Mo (Mo317). There was
still no Na on the surface of the “good” Mo sample. The above analysis confirmed that our
“good” Mo samples were better barriers to Na diffusion. The question is whether this
property of the Mo could be related to its oxygen content. It is quite possible that formation
of Mo bronzes along the oxygen containing grain boundaries may chemically trap the Na
and slow down its diffusion into the CIS layer. Of course, one other possible explanation
for the difference in the barrier nature of the two Mo layers could be the difference in their
thicknesses. The “good” Mo of this experiment was much thicker than the “bad” Mo.
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However, we have carried out experiments on Mo layers that were deposited under the
same conditions as Mo317, only thicker. The observations after selenization did not
change. In other words, “bad” Mo was a bad barrier to Na diffusion irrespective of its
thickness.

The Auger depth profiles of Fig. 2 were taken from the two CIS/Mo/glass structures listed
before as the samples with thin CIS layers. In these samples the Cu-In precursors were
intentionally made thin as to yield CIS layers of about 0.5 um thickness after the
selenization step. The goal here was to amplify any possible effect of the glass/Mo
substrate on the growth of the thin CIS film. The Mo layers used in this experiment were
labeled as "good" and "bad", again indicating Mo134 and Mo317, respectively. There are
several observations one can make from the data of Fig. 2.

First of all, it is clear that the CIS layer deposited on the "good" Mo substrate behaves
normally with Cu and In profiles closely following each other suggesting a Cu/ln
stoichiometric ratio close to 1.00. The Auger depth profile of Fig. 2b, on the other hand,
shows a highly non-uniform CIS layer with a high In content near the surface and a rising
Cu signal near the CIS/Mo interface. The large difference between the atomic percentages
suggested by the Auger data actually points out that the film is not single phase CIS. There
is also a prominent oxygen peak near the film/Mo interface as was the case in Fig. 1d. In
our past studies we had only investigated the reactions between the glass/Mo structures
and the H,Se selenization atmosphere. The data of Fig. 2 suggests that the CIS layer itself
may also be reacting with the underlying substrate. In fact, according to the data of Fig.
2 the local stoichiometry of the CIS film can be influenced by the reactivity of the
underlying Mo layer. There may be more than one explanation for the increased Cu
content near the CIS/Mo interface of the sample of Fig. 2b. Formation of a Mo-Se-Na-O-
Cu compound at this interface is a possibility. One other possibility is the formation of Mo-
Se compounds which are known to be layered and which can act as a sink for Cu diffusion.

In addition to the investigation described above we have carried out other experiments
where solar cell performance on “good” and “bad” Mo substrates were compared. SIMS
analysis was also done on the CIS layers deposited on the two types of Mo layers. All the
experiments pointed to the fact that Na diffusion through “bad” Mo substrates was
excessive and solar cells fabricated on such layers suffered from poor fill factor and thus
lower efficiency. Clearly there is a need to develop a barrier layer on the soda-lime glass
substrates for Na diffusion. With such an approach there will also be a need to controllably
introduce Na in the CIS film during the growth process. ISET's new non-vacuum CIS
growth technique is well suited for such an approach and this task will be carried out
during the Phase Il program.
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3.2 Studies on Large Bandgap Absorber Layers

3.2.1 Films containing Ga

To date, the highest efficiency devices have been fabricated on CIGS films with graded
Ga distribution obtained by a multi-source evaporation technique [3]. As for the
selenization approaches, Kushiya et al. prepared CIGS layers with uniform Ga and In
distributions by the selenization of co-evaporated Cu+in+Ga+Se precursor layers in a
vacuum system and demonstrated a 14.9% efficient device on a film with a Ga/(Ga+In)
ratio of 0.40 [4]. Unlike the results of Kushiya et al. on films grown by the selenization of
co-evaporated Cu+in+Ga+Se precursors, co-evaporated Cu+in+Ga metallic precursor
layers always yielded absorbers with graded Ga concentrations when selenized in a
vacuum system under Se vapor [5]. In such films, Ga-rich phase(s) segregated toward
the back of the absorber layer, leaving an In-rich surface. Films grown by the selenization
of Cu+In+Ga metallic precursors in H,Se-containing atmospheres showed very similar
behavior [6,7]. The reasons for this behavior are not well understood. However, it is
possible that the In-Se reactions which are more energetically favorable at low
temperatures form the driving force for In to selectively diffuse to the surface region to
react with the selenizing atmosphere as the temperature of the substrate is raised.

Segregation of Ga-rich and In-rich phases by depth, in absorber layers obtained by the
selenization of metallic precursors, does not allow the growth of CIGS films with uniform
composition. A Ga-rich region deep in the absorber layer can benefit device performance
because this high-bandgap area can induce an electric field in the bulk of the absorber
and help minority carrier collection from deep in the device. However, segregation of the
Ga-rich and In-rich phases in a manner that leaves a small-bandgap CIS surface would
limit the open-circuit voltage values of devices fabricated on such absorbers. In a recent
publication, the IEC group at the University of Delaware demonstrated that films obtained
by the selenization of metallic precursors displayed total segregation of CIS and CGS
phases when further annealed in an H,Se atmosphere at high temperatures. They also
described a new process consisting of a post-selenization annealing step in a Se-free
atmosphere, which was found to be essential to initiate the diffusion of Ga and formation
of the quaternary CIGS phase [6]. In this work, we employed the post-selenization step
of reference 6 to grow CIGS absorber layers with an overall Ga/(Ga+In) ratio of 0.55-0.75,
characterized these layers in terms of their structural and compositional properties, and
evaluated their application to high-efficiency solar cell fabrication.

Soda-lime glass was used as the substrate in this work. Molybdenum layers were sputter
deposited on the soda-lime glass substrates using a D.C. magnetron system. CIGS
absorber films were formed on the Mo/glass sheets by the two-stage selenization
technique employing precursors containing In, Cu and Ga. Thicknesses of the In, Cu, and
Ga layers were adjusted to obtain films with various compositions and an overall
stoichiometric ratio of about Cu/(In+Ga)=0.9. For the precursor of samples 1789-425 and
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1789-575, the overall Ga/(Ga+In) ratio was 0.55 and the thicknesses of the evaporated
In, Cu, and Ga layers as monitored by a crystal oscillator head were 2223 A, 2000 A, and
2027 A, respectively. The Gal/(In+Ga) ratio for the precursor of samples 1791-425 and
1791-575, on the other hand, was 0.75, with corresponding elemental film thicknesses of
1228 A, 2000 A and 2765 A.

Selenization was carried out for all precursors at 425 °C . A portion of each film was then
additionally annealed at 575°C in a N, atmosphere. Resulting selenide films were
nominally 2.0 um thick, and they were analyzed by scanning electron microscopy (SEM),
X-ray diffraction (XRD), and Auger depth profiling. Auger analysis was carried out by a
Physical Electronics 670 microprobe using a 5 kV electron beam. The samples were depth
profiled using a 3 kV argon ion sputtering beam. A reference CIGS sample with uniform
Ga distribution deposited at NREL by the co-evaporation technique was used to calibrate
the Auger sensitivity factors for Cu, In, Ga, and Se based on electron microprobe
measurements. Devices were fabricated by depositing a thin layer of CdS on the CIGS
layers by the solution growth technique. Conductive ZnO window layers were deposited
by the metal-organic chemical vapor deposition (MOCVD) approach using diethylzinc
(DEZ) and water vapor as the reactants and boron as the dopant. Table | contains the
relevant information about processing all the samples.

A, Device Measurements

Figure 3 shows the illuminated J-V characteristics of solar cells fabricated on three of the
absorber layers identified in Table . The devices fabricated on sample 1791-425 were
extremely leaky, and since they did not display a photovoltaic response, they were not
included in Fig. 3.

The J-V characteristics of Fig. 3 indicate an open-circuit voltage (V,.) value of 740 mV for
sample 1791-575 and 625 mV for sample 1789-575. The V, for sample 1789-425, on the
other hand, is only 400 mV despite the fact that this film contained 55% Ga. The absolute
QE curves given in Fig. 4 were normalized using the short-circuit current values of the
three devices. The losses due to various factors such as grid coverage and contact probe
shadowing are shown in this figure. Reflection, ZnO absorption and CdS absorption
measurements were made on a set of reference samples of CdS and ZnO on glass. The
QE curves demonstrate that the effective bandgaps of the three absorbers varied from
1.05 eV for sample 1789-425 to 1.36 eV for sample 1791-575. The solar cell output
parameters derived from Fig. 3 as well as the E; values are summarized in Table Il. E,
values were deduced from the shift of the long wavelength QE of the cells compared with
a pure CIS device with the bandgap value of 1.00 eV. Long wavelength QE of the CIS cell
is also shown in Fig. 4 for reference. The estimated uncertainty in the E; values is 30 mV.
The following observations can be made from the data of Table Il

(i) The bandgap value of sample 1789-425 deduced from its QE curve was much less
than the 1.4 eV expected from a uniform CIGS layer with 55% Ga. The observed
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Sample No. Overall Composition of the CIGS Formation Steps
Precursor
Cuw/(In+Ga) Ga/(Ga+In) Selenization - Annealing
1789-425 0.9 0.55 425°C, 30 min.
1789-575 0.9 0.55 425°C,30min. | 575°C, 60 min
1791-425 0.9 0.75 425°C, 30 min
1791-575 09 0.75 425°C, 30 min. 575°C, 60 min.
Table | Information on the CIGS films grown for this study.
40 |- -
&
£ - - -
3] !
< —— 1789-425 !
E 20 - ---- 1789-575 | -
[ 1 791 "'575 ,‘
2 i ; ]
= i
§ 0 — ,' -
p= - -
2
e =20 t+ .
3 .
3 ,
_40 1 : ! L 1 ! 1
—-0.4 0.0 0.4 0.8
Voltage [V]
Fig. 3 llluminated J-V characteristics of three solar cells fabricated on CIGS films.

Sample numbers are shown in the insert. Data was taken under AM1.5
illumination. Active area of cells was 0.083 cm?.
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Fig. 4 Absolute quantum efficiencies of the cells of Fig. 3.
Sample No. n FF V. I S
‘ (active area) (mV) (mA/cm?) (eV)
1789-425 6.4 0.54 400 30 1.05
1789-575 11.7 0.69 625 273 1.19
1791-575 9.4 0.615 740 20.6 1.36
Table Il Solar cell parameters and bandgap values derived from the data of Fig. 3

and Fig. 4. Active area of the devices was 0.083 cm?.
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value of E;=1.05 eV and correspondingly modest V. value of 400 mV, suggest the
presence of a CIGS composition with only about 7% Ga in the absorber layer.
Furthermore, the solar cell fabricated on this absorber is relatively poor with a low
fill-factor value.

(i) High-temperature annealing of sample 1789-425 increased the effective bandgap
of this absorber to 1.19 eV and V. to 625 mV, indicating increased Ga activity.
However, this bandgap is still lower than the 1.4 eV expected from a uniform CIGS
layer with 55% Ga. The measured bandgap value of 1.19 eV indicates the
presence of a CIGS phase in the absorber with about 28% Ga.

(iii)  The QE data obtained from the cell fabricated on the annealed sample with overall
Ga content of 75% yielded a bandgap value of 1.36 eV and the device hada V,
of 740 mV, which corresponds to a CIGS phase with about 50% Ga.

The open-circuit voltages of the three devices of Fig. 3 were measured in the temperature
range of 270-350 K. Extrapolation of V,. to T=0 K gave an estimate of E, , assuming it
changes little over the temperature range used. The zero-temperature intercepts were
1.08 eV, 1.25 eV, and 1.34 eV for samples 1789-425, 1789-575, and 1791-575,
respectively. These values are in reasonable agreement with the values obtained from QE
data and listed in Table II.

Figure 5 shows the cross-sectional EBIC line scans of two devices superimposed over
their scanning electron images. The various layers forming the device structure are labeled
on this figure. The CIGS layers are dense and are composed of grains as large as 1-2 um.
The grain size does not seem to be a function of the high-temperature annealing step at
575 °C. The peak position of the EBIC signal for sample 1789425 indicates the electrical
junction is significantly within the CIGS layer. The EBIC peak of sample 1789-575 is
somewhat closer to the CIGS/CdS metallurgical junction.

Capacitance values of the three devices were measured as a function of frequency. The
resulting C(f) data taken under zero bias conditions in the dark are shown in Fig. 6.
Capacitance-voltage (C-V) data obtained under near-steady-state conditions with 100
seconds wait at each bias point is givenin Fig. 7a in the form of (A/C)? vs. voltage curves.

The dispersion in the capacitance observed in Fig. 6 was the greatest for sample 1789-
425, indicating the presence of a large density of extraneous states in the absorber. For
this reason, the measurement frequency for C-V data was increased from 60 kHz to 500
kHz for this sample to minimizemthe apparent capacitance due to these extraneous states
at lower frequencies. The zero bias capacitance value was the smallest for sample 1789-
425, indicating the widest depletion width, despite the fact that the built-in potential was
expected to be the smallest for this low-voltage device. The spatial variation of the hole
density calculated from the slope of the Fig. 7a curves is shown in Fig. 7b for the three
cells. The distance from the metallurgical junction is determined directly from the
measured capacitance. According to Fig. 7b, the hole density in all films increases from
less than 3x10" cm™ near the highly compensated surface region to about 3x10'°cm™ at
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Fig. 5 Charge collection efficiency profiles (EBIC line scans) superimposed on
scanning electron images of cross sections of samples (a) 1789-425 and (b)
1789-575. EBIC peak position is indicated with an arrow.

about 0.6-0.75 um from the junction. The width of the low-density region has a magnitude
comparable to the depth of the EBIC peak, and it appears to decrease from sample 1789-
425 to 1789-575. This observation suggests the existence of a highly compensated thick
surface layer in sample 1789-425 and a decrease in the thickness of this compensated
layer as the active Ga content in the absorber layer was increased by the high-temperature
annealing step. '
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B. Absorber Layer Characterization

Figure 8 shows the Auger depth profiles and the calculated Ga/(Ga+ln) ratios of the CIGS
films identified in Table |. As seen from these data, the compositions of samples 1789-
425 and 1791425, which were not subjected to the high-temperature annealing step after
selenization, were highly graded suggesting segregation of In and Ga-rich phases. These
films contained only small amounts of Ga near their surface, despite the fact that Ga was
originally deposited on the surface of the precursor layers as described before. After the
high-temperature annealing step, Ga concentration near the surface increased. However,
the resulting absorbers were still graded in terms of their Ga distribution.

According to Fig. 8a, the Ga/(Ga+in) ratio for sample 1789-425 increases from about 0.1
at a region about 0.1 um inside the fim surface to 0.98 at a depth of 1.4 um. The
expected E; value of the surface region with 10% Ga is 1.07 eV, which is in good
agreement with the data of Table Il. The Ga/(Ga+n) ratios near the surface regions of
samples 1789-575 and 1791-575 are 0.31 and 0.53, respectively. These values are also
in reasonably good agreement with the device measurement results that predicted the
presence of CIGS phases with 28% and 50% Ga, respectively, in these two absorber
layers.

Although the Ga/(Ga+In) ratios deduced from the calibrated Auger data of Fig. 8 agreed
well with the results obtained from QE and V,. measurements,the Cu/(In+ G a)
stoichiometric ratios of Fig. 8 were unrealistically high for samples 1789425 and 1791-
425. These ratios were in the range of 1.2-2.2, especially near the surface regions of the
two films, despite the fact that the stoichiometric ratios of all the films studied were fixed
at 0.9 at the precursor stage before the selenization step. Also noticeable in the Auger
data of Fig. 8aand Fig. 8c were the excessively high Se concentrations, again especially
near the surface regions of the two.films. Both of these abnormalities disappeared once
the films were annealed at 575 °C. For the samples of Fig. 8b and Fig. 8d, the calculated
Cu/(In+Ga) ratios approached 0.9 and Se concentration decreased to the 50%-53% range.
We believe that the discrepancies observed between the Auger data of the two sets of
films were due to the presence of binary phases in samples 1789-425 and 1791-425. The
poor performance of the solar cell fabricated on sample 1789-425, its large capacitance
dispersion, and the lack of photovoltaic activity for sample 1791-425, all support this
argument. It is known that CGS formation requires higher temperatures than CIS
formation. Therefore, the selenization temperature of 425 °C used in this study , although
quite adequate for the growth of high-quality CIS layers, was not sufficient to form a
CIS/CGS graded compound film. Therefore, films containing the CIS phase as well as the
CGS ternary and Ga-Se and Cu-Se binaries were formed. It should be noted that the
Auger data of Fig. 8 was calibrated using sensitivity factors of elements obtained from
electron microprobe analysis of quaternary compound CIGS standards. Presence of
binary phases in the analyzed layers are expected to affect the atomic concentration
values plotted in the Auger profiles, because the sensitivity factors of elements in the
binaries will be different than those used for the calibration of the reported experiment.
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Figure 9 shows the diffraction patterns obtained from two of the samples listed in Table I.
Only the 20 values in the 44°-47° range have been scanned in this experiment to be able
toresolve the (220) and (204) peaks of the tetragonal lattice. The expected positions of
these peaks for CIS and CGS compounds were calculated and they are shown in Fig. 9.
In sample 1789425, the (220,204) peak belonging to tetragonal CIS is clearly resolved.
The peak is shifted only slightly to higher angles suggesting inclusion of a small amount
of Ga into the chalcopyrite absorber in agreement with the Auger and device
measurements discussed before. Another observation from Fig. 9a is the total absence
of the (220) and (204) doublet peaks belonging to tetragonal CGS. The low temperature
employed for selenization of this sample was not expected to form tetragonal CGS. X-ray
data from sample 1789-575 did not display the merged CIS peaks of (220,204) at
20=4435°. Instead, there is a broad peak shifted to higher angles indicating the
formation of CIGS phase. The shape of the peak suggests that the film is not uniform and
that there is a compositional gradient through the absorber confirming the Auger results.

1789-425

1789-575

44 | 45 | 46
Cis CGS CGS
(220,204) 2@ (DegreeS) (220) (204)
Fig. 9 XRD data taken from samples 1789-425 and 1789-575. The expected

positions of the (220) and (204) peaks for CIS and CGS are indicated.
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3.2.2 Films containing S

Experiments were carried out with the aim of including S into the CIS absorber layers and
increasing their bandgaps. Sulfur inclusion involved a reaction step of the Cu-In
precursors in Se and S containing environments. Concentrations of Se and S made
available to the CIS film during the reaction step were varied to obtain layers with various
S/(S+Se) ratios. A series of experiments were also carried out to determine the possibility
of grading the S layer in the absorber.

Fig. 10 shows the two Auger depth profiles taken from two different Culn(S,Se), absorber
layers. Sample 1810 was obtained using a precursor layer with Cu/(In+Ga) ratio of 0.88
and a Ga/(Ga+In) ratio of 0.15. Sample 1812, on the other hand, had a precursor with
Cu/In ratio of 0.9 with no Ga. The amount of Se made available to Sample 1810 during the
reaction step was approximately double the amount that was made available to Sample
1812. The following observations can be made from the data of Fig. 10.

The Ga concentration is graded through Sample 1810 and it peaks near the Mo interface
as expected (Fig. 10a). Sulfur concentration follows the Ga concentration and it varies
from about 17% near the surface to over 22% near the Mo interface. There is a small S
peak near the surface region of Sample 1810. Se concentration in this sample is also
variable and suggest a S/(S+Se) ratio varying from 0.37 near the surface to 0.63 in the
back of the device. In Sample 1812 (Fig. 10b) the S distribution within the film is just the
reverse of Sample 1810. In other words, S content decreases as one goes from the
surface towards the back Mo contact. Also the peak S/(S+Se) ratio (about 0.73) for this
sample is higher than that of Sample 1810. These differences are due to the different rates
of reaction between S and Se and the Cu-In(Ga) precursor layer and they indicate the
possibility of a degree of control over S gradation in the absorber layer.

Fig. 11a and 11b show the |-V characteristics of two small area (0.09 cm?) cells fabricated
on Samples 1810 and 1812. The open circuit voltage values of >0.55 V are in line with the
fact that the absorber layers have wider bandgaps. The short circuit current density of
Sample 1812 is extremely low (14.44 mA/cm 2 ) indicating very poor collection efficiency.
This is understandable since the grading of S as shown in Fig. 10b is expected to form
a barrier to the diffusion of generated electrons to the junction region. Any gradation of S
near the junction should be sharp as in Fig. 10a so that this graded area is within the
depletion region with high electric field. The device of Fig. 11a has an efficiency of about
10%.

Fig. 12 shows the |-V characteristics of three cells fabricated on three different types of
absorbers. These absorbers were grown from the same metallic precursor film but during
compound formation the amount of S and Se available to the films were varied. The
relative amounts of Se/S species in the reactor are given in the caption of this figure. The
increase in the open circuit voltage coupled with a decrease in the short circuit is in
agreement with the variation of the S content in the three films.
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Fig. 11 llluminated |-V characteristics of devices made on a) sample 1810, and

b) sample 1812. The solar cell parameters of the device on Sample 1810 are
V,=0.553 V, |.;=2.41 mA, F=64.6% and eff.=9.57%. Active area efficiency
is 10.3%.
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A did not contain any S. Amount of S in device C was double that of B.

3.3 Novel CIS Deposition Technique

A primary concern in establishing CIS module manufacturing is the cost of capital
equipment. In processes using vacuum techniques, this can be substantially high.
Therefore, investigation into alternative methods of solar cell absorber processing
exhibiting both low capital costs and low manufacturing costs are of great interest.

During Phase | of this project, efforts were concentrated on a novel non-vacuum CIS film
deposition technique which has the potential of offering very low manufacturing costs.

One of the most attractive features of this novel technique is that it uses established
current-technology processes for device fabrication. A device structure used in many
vacuum-based processes, namely glass/Mo/CIS/CdS/ZnO configuration, is also employed
here. However, the formation of the CIS absorber layer is done by a non-vacuum process.

The device efficiencies have steadily improved during this Phase | program as a better
understanding of the non-vacuum process is achieved. The |-V characteristics of the
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highest efficiency cell produced to date is given in Fig. 13. The solar cell parameters of
this device with 0.09 cm? area are; V,,=0.4728 V, J, = 38.46 mA/cm’ and FF = 67.97%.
The active area efficiency can be calculated to be 13.3 %. This is the highest efficiency
CIS solar cell ever produced with a non-vacuum technique.

Sample: RS10A1/C Temperature = 25.0°C
Jun 13, 1995 12:57 PM Area = 0.09018 cm?
ASTM E 892-87 Global Irradiance: 1000.0 Wm2
9’0 =y
s"’ MREL x251v System Sample: R510A1,C Temperature = 25.0°C
35 T3 ; = Jun 12, 1995 11:33 AM Area = 0.09018 cm?
i
30 2,
i %‘? MREL  Dark IV System
p 1072 F S TTTrTTTTTY
ST : ]
= 20 } e 3
g i 10 : j
;:"' 1.5 + 2 - ]
g 10 | ég - E
0.5 :_ 10 .;
00 |- 107
.0.5 1 1 1 1 PR | a1 a1 1 ] S 10'8 llL‘Llll]ll‘[lllLllL‘lLllJ_llli-
702 01 00 01 02 03 04 05 00 o1 02 03 04 05 06
Vo ltage ) Voltage (V)
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- _ I, =3.472 mA Rseries = 20.7 Q
Vo =0.4728 V Vmax = 0.3685 V E’;uiv Rs< 103 Q
I = 3.468 mA Imax = 3.025 mA
Joo = 38.46 mAcm-2 Ppax = 1.115 mW
Fill Factor = 67.97 % Efficiency = 12.4 %
10 min @ P2 min cool fast sweep
fan on during P, soak to reduce heating
Fig. 13 llluminated and dark -V characteristics of a 0.09 cm? cell fabricated on a CIS
g

layer grown by the non-vacuum technique.

Several solar cells with larger area were also fabricated during this period. One example
of a 1 cm? device is shown in Fig. 14 along with its spectral response data. The response
is flat with high transmission at short wavelengths. The long wavelength tail is in line with
the pure CIS composition of the absorber. The AM1.5 total area conversion efficiency of
this cell is 11.7 %.
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Sample: R716F-A Temperature = 25.0°C Sample: R716F-A Temperature = 25.0°C
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Fig. 14 Characteristics of a 1 cm?CIS solar cell fabricated on non-vacuum absorber.

Characterization of a group of high efficiency devices fabricated on CIS absorbers grown
by the non-vacuum technique was carried out at CSU by Prof. J. Sites' group. The cell
output parameters and diode characteristics of three such devices are given in Tables Il
and IV, respectively. The devices are quite similar with illuminated series resistance values
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in the 0.02-0.03 ohm-cm? range. The diode factors are 1.6-1.75. Comparing these
parameters with those of cells fabricated on CIS fims grown by our vacuum based
selenization technique we find that the A factors are somewhat higher than what we obtain
in the high efficiency vacuum based devices. The hole densities calculated from the C-V
data of the cells are shown in Fig. 15. The values range from mid-10® to just above 10'®
/cm®. These results also compare well with the data previously taken from vacuum based

solar cells.

25

Cell Area [cm?] ) FF Ve .
R510A1 [mV] [mA/cm?]
A 0.09059 11.9 .670 465 38.14
B 0.09117 12.5 700 470 38.06
C 0.09018 11.8 .665 460 38.46
Table Il Cell output parameters.
Cell A i Tignt Aun R Teark
RS10A1 [Q-cm?) [Q-em?] [Q-cm?] [Qe-cm?]
A 1.65 0.3 750 1.55 0.03 4150
B 1.60 0.3 1300 1.55- 0.05 3400
C 1.75 02 600 1.55 0.06 5500
Table IV Diode characteristics.
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Fig. 15 Hole density values calculated for the CIS layers grown by the non-vacuum
technique.

The spectral response data taken from cell A of Table Ill is shown in Fig. 16. Current
losses due to various mechanisms are also indicated in this figure. Reflection loss is the
largest contributor to the less-than-ideal current density value. It should be noted that none
of the devices reported in this Final Technical Report had A/R coatings deposited on them.
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Fig. 16 Quantum efficiency data for cell A of Table lll.
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In addition to discrete cell fabrication, work was also done to fabricate integrated modules
on CIS layers grown by the novel non-vacuum technique. The module integration
approach was the same as the technique utilized on vacuum based devices [1]. The Mo
scribing was done by laser. The two scribes following the CIS and ZnO depositions were
done mechanically. The |-V characteristics and the spectral response of a 25 cm? sub-
module is given in Fig. 17. Comparing the spectral response data of this submodule with
that of the single cell of Fig. 16 one can see that the long wavelength response suffers in
the module structure. This is due to the fact that the module structure uses 5 ohms/square
ZnO layer as compared with the 15-20 ohms/square material used in discrete cell
structures. Thicker ZnO layers absorb more in infrared due to free carrier absorption and
this reflects into the long wavelength response of the device.

Sample: R627 Temperature = 25.0°C Sample: R627 Temperature = 25.0°C
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Fig. 17 A 25 cm? submodule fabricated on a CIS layer grown by the non-vacuum
technique.
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4.0 CONCLUSIONS AND FUTURE WORK

During the last 12 months of this Phase | development program we concentrated on three
main topics:

i) Interactions between the Mo/glass substrates and the CIS absorber layers as well
as the selenization atmosphere were studied. Na diffusion through the Mo layer was found
to be responsible for excessive reaction between the substrates and absorbers in certain
samples. This interaction was found to affect the stoichiometric uniformity of thin CIS
layers grown on such Mo/glass substrates. Placement of a diffusion barrier on the glass
substrate or use of a Mo layer that acts as an effective barrier to Na diffusion are two
approaches that can avoid excessive reactions at the CIS/Mo interface which were shown
to negatively impact the solar cell efficiency.

i) Ga and/or S were successfully added to the CIS absorber layers for bandgap
tailoring. Devices with high open circuit voltages and 10-12% efficiency have been
demonstrated on these higher bandgap absorbers. Ga addition and its activation in the film
required a high temperature annealing step which followed the selenization of the Cu-In-
Ga metallic precursors. This annealing step caused the diffusion of Ga towards the
surface of the absorber from the absorber/Mo interface where it normally is located after
the selenization step. Sulfur addition into the absorbers required the use of reaction
atmospheres containing both S and Se. Depending upon the choice of S/Se source and
the reaction temperatures, various S profiles could be obtained in these absorbers.

iii) A novel, non-vacuum technique for the growth of CIS absorbers was successfully
developed and both high efficiency cells and submodules were demonstrated for the first
time on such absorbers. The highest efficiency obtained for single cells to date is 12.4%
(13.3% active area) for small area devices. A submodule efficiency of above 8% has also
been obtained for a 25 cm? device.

Work during the second year of this effort will concentrate on building a pilot processing
facility that can produce 5"x12" size submodules using the non-vacuum CIS film growth
technique. Work will also be carried out to include S and Ga into these absorbers. Results
obtained on the samples grown by the vacuum technique will be very helpful in this task.
The substrate influence on CIS layer growth (Na-diffusion) is expected to be a factor to be
taken into account even in the non-vacuum growth technique. Therefore, we will
concentrate on the use of a Na barrier on the glass surface for this work to be able to
isolate the substrate effect from other parameters that may affect growth . Na addition in
the CIS film will then be achived during the growth process since it is known that presence
of Na in the absorber is beneficial to the electronic and possibly the structural properties
of this layer.
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