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Abstract: Pure sulfide CIGS solar cells are interesting candidates for standalone solar cells or top cells
in a tandem configuration. To understand the limits and improve the power conversion efficiency of
these devices, a comprehensive approach aimed at composition, interface, and process engineering
should be employed. Here, the latter was explored. Using a two-step fabrication technique and
one-variable-at-a-time methodology, we found the four processing factors affecting the absorber
the most. While two were already backed by the previous literature, we found new and statistical
evidence for two other important factors as well. The impact of alkali barrier diffusion was also
established with statistical significance and under various processing conditions. Furthermore, the
absorber roughness for samples without a barrier indicated a significant negative linear correlation
with the devices’ efficiency. This contribution could aid engineers in more efficient process designs.

Keywords: pure sulfide CIGS; two-step sequential processing; rapid thermal annealing

1. Introduction

Group I-1II-VI chalcopyrite alloys are one of the promising materials for energy-based
applications in the fields of photovoltaics and photo electrochemistry [1-3]. Among the
family, copper indium gallium di selenide/sulfide (CIGS) are specifically interesting as
candidates for standalone or tandem photovoltaics, due to, i.e., their tunable direct bandgap
(~1-2.6 eV), decent efficiencies and their stability [4-6]. Besides, they are environmentally
attractive candidates, as they offer added value in the low carbon footprint they leave
behind [7,8]. Furthermore, as thin film devices, they enable solutions to applications with
aesthetic considerations, such as building and vehicle-integrated photovoltaics (BIPV and
VIPV) [9].

While the selenide-based CIGS has gained much attention over the years, the sulfur-
based wide bandgap has only lately picked up some in-depth attention [10]. Indeed, while
the former has had performance boosts regularly, the latter has an unchanged world record
since Hiroi's 15.6% solar cells in 2016 [11]. This merits further understanding of the material
and the reasons behind its losses to develop solutions to improve the state-of-the-art of
these devices.

In this context, some notable works have already succeeded in identifying the chal-
lenges and establishing solutions. For instance, Nishimura et.al detailed the optimization
of applying Al-doped (Zn, Mg) O transparent conductive oxide (TCO) films and their
respective improvements on the built-in potential [12]. Shukla et al. detailed the reduction
of interface recombination paths by using a Cd-free buffer layer with a comparably higher
conduction band (Zn (O, S)) and the utilization of Cu-poor absorbers. They found the latter,
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together with gallium inclusion, to positively affect carriers' lifetimes in their work [13].
An observation also substantiated by others in the improvement of open-circuit voltages
by the omission of deep level defects [14—16]. Lomuscio et al. also pointed out that such
defects could be eradicated by higher annealing temperatures [17].

While most of the recent works have focused on composition and interface engineering,
in this contribution, we return to the absorber's development stage and try to give insight
into CIGS processing itself. Such knowledge we believe is sometimes overlooked in the
literature but still requires in-depth investigation. While co-evaporation and multi-stage
processing methods have been at the heart of the cited literature, few others have developed
CIGS through other techniques. E.g., Kwon et al. demonstrated the benefits of the injection
annealing method to fabricate CIGS layers at elevated temperatures [18]. We chose the
two-step sequential sulfurization method among the different techniques, where a metal
precursor (Cu-Ga, In) is annealed in a sulfur atmosphere. This is a simple, low-cost,
industrially viable and scalable approach and is the technique upon which Solar Frontier
has already been commercially producing CIGS modules [19]. Here, we investigated a
quite large processing window and identified those parameters affecting the quality of the
absorbers and devices the most. This can hopefully aid industrial partners and academic
researchers in designing more efficient processes.

2. Materials and Methods

The raw materials used in the study (precursors) are presented first. Afterwards, the
methodology and tools of the fabrication and characterization of the absorber layers and
solar cells are discussed.

2.1. The Precursors

The schematics of the two sets of samples used in this study are illustrated in Figure 1a.
For the first set, an indium layer was deposited onto a copper gallium matrix, which itself
was deposited onto a molybdenum layer. This stack would prevent the formation of
detrimental Cu-In alloys [18]. A 3-mm-thick soda-lime glass (SLG) functions as a substrate
to the entire stack. The other set was prepared by including an alkali diffusion barrier
(SiON) between the Mo and SLG substrates. This would help us determine the impact of
presence of such a layer on the performance of the material and devices. CGI ([Cu]/([Ga]
+ [In])) and GGI ([Ga]/([Ga] + [In])) ratios of 0.9 and 0.25 were foreseen for both sets. A
top-view SEM image from the indium hillocks on top of the Cu—-Ga matrix is shown in
Figure 1c.

2.2. The Absorber Layers

The precursors discussed above were cut into 2.5 * 5 cm? test pieces and processed in
an Annealsys AS-ONE rapid thermal processing (RTP) system to develop absorber layers.
Hereafter referred to as the baseline, a sulfurizing recipe, which results in an active absorber
layer, was first designed. The rest of the experiments were based on this baseline with a
generic profile as shown in Figure 1b.

As illustrated in Figure 1b, the recipe consists of a quick temperature stabilizing stage
at 150 °C, followed by introducing hydrogen sulfide (H,S) and nitrogen (N;) gases at a
temperature of 150 °C and a combined pressure of 200 mbar. The system is then ramped up
to a sulfurization anneal at 560 °C. After 15 min of annealing, the system is cooled down in
a controlled manner to 150 °C, before the termination of the process and a return to room
temperature. The typical resultant p-structure is depicted in Figure 1d.

In this scheme, the effect of changing five possibly influential factors was investigated
on both sets of samples through the one-variable-at-a-time (OVAT) methodology. Each of
the processing parameters was given a lower and higher value with respect to the baseline,
and an experiment was run per combinations of factor levels, e.g., a run (interchangeably
referred to as treatment in this work) with all factors at the baseline level, except at a longer
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annealing duration. These factors, their coded names and their corresponding levels for
the experiments are summarized in Table 1. The baseline code is CP (Center Point).
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Figure 1. Precursor stack (a), its top view (c), generic annealing profile (b) and CIGS layer top view (d).

Table 1. Processing parameters and respective levels.

A Level
Codes Processing Parameter
Low (-) Baseline (CP) High (+)
A Anneal temp ! (°C) 520 560 600
B Anneal dur 2 (min) 5 15 45
C H,S press 3 (mbar) 5 200 200 *
D Ramp rate (°C/s) 0.2 1 5
E H,S intro temp (°C) 50 150 350

! Temperature. 2 Duration. 3 Pressure. * Only H,S.

The CP levels were chosen based on existing know-how in the group. The low and
high levels were then chosen based on a variety of reasons, i.e., hardware limits and
thermodynamics. Regarding the factors themselves, we tried to create a recipe as simple as
possible; hence, only one annealing stage. It was then aimed to include all the essential
processing parameters in the recipe.

Right after the sulfurization process, every produced absorber was characterized for
photoluminescence peak position and minority carriers’ lifetime decay component (LT)
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using a Picoquant FluoTime 300 photoluminescence spectroscopy system with an excita-
tion wavelength of 532 nm (25 ps, 3 MHz). Samples were then examined for roughness
via a Keyence laser-equipped optical microscope, visually analyzed by a Bruker Tescan
scanning electron microscopy (SEM) and chemically studied with an energy dispersive
X-ray spectroscopy (EDX) module integrated into the SEM system.

2.3. The Solar Cell Devices

For each factor, the level treatment which produced a comparatively higher quality
absorber were developed to complete solar cell devices: Fifty nanometers of cadmium
sulfide (CdS) were deposited through a chemical bath deposition to form a buffer layer on
the absorbers. Afterwards, 120 nm of i-ZnO and 250 nm of aluminum-doped ZnO were
deposited as a window layer on top of CdS. Lastly, 50 nm of nickel and 1um of aluminum
were thermally evaporated onto the stack as contact grids. Figure 2a portrays a schematic
of the layers stack. The cell area was then mechanically scribed to form 16 isolated devices
manually, with an area of ~0.5 cm? per cell. These are schemed in Figure 2b. Lastly, the
back contact was formed by scratching the stack to the Mo level and soldering a small
amount of indium on it.

In as back contact
N IR L S I T L,

Cell

5cm

Alkali barrier (only set 2)
” : 2.5 cm ’

(@) (b)

Figure 2. Schematic of the solar cell devices stack (a) and top view (b).

The solar cells were then electrically measured at room temperature under a current-
voltage (I-V) system using a 2401 Keithley source meter under a simulated A.M 1.5-G
spectrum with an illumination density of 1000 Wm~2. Data were extracted by fitting a
single diode model. An integrated heating plate was used occasionally for measurements at
different temperatures of interest. Moreover, an external quantum efficiency (EQE) analysis
was carried out on the samples of interest using an in-house setup.

Furthermore, to analyze the present crystalline phases, the XRD measurements were
done at the device level, with an X’pert XRD diffractometer from PANanalytical with a Cu
Kol radiation source and in 8-20 Bragg-Brentano geometry.

3. Results and Discussion

Here, we discuss the effects of different processing parameters for the case of absorber
layers and solar cell devices separately. For the former, the results are discussed in terms of
the minority carriers' lifetimes and surface roughness. As for the latter, the usual device
parameters extracted from the I-V measurements (efficiency (Eff), fill factor (FF), open-
circuit voltage (Voc) and short circuit current (Jsc)) were analyzed. This would help
us in investigating an objective correlation between the performances of absorbers and
resulting devices.

3.1. The Absorber Layers

The EDX results of the absorber layers indicated an average CGI ratio of 0.89 and
coefficient of variation (CV = standard deviation/average) of 4%. This would indicate
the relative robustness of the composition under different processing conditions and that
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nearly all the absorbers belong to the copper-poor region. This compactness is also reflected
in the records of the photoluminescence peak position, where all the absorbers averaged
a bandgap value of 1.47 eV with a CV of 2%. To this end, the PL peak position was not
further considered in filtering out unimportant factors.

Regarding both the lifetime and roughness, the omission of a barrier layer has gen-
erally caused a more diverse set of data. In other words, samples without a barrier layer
appeared more sensitive to changes in the processing parameters. This is visually illustrated
in the dot plots illustrated in Figure 3a and backed by the numbers in Table 2.
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Figure 3. Lifetime and roughness behaviors of samples with and without a barrier (a) and samples
per factor-level barrier (b).

Table 2. Spread of data for the absorbers. The average value is followed by the coefficient of
variation (CV).

Sample
Metric
+Bar -Bar All
Lifetime 2.13 ns (CV = 20%) 2.54 ns (CV = 36%) 2.33 ns (CV = 30%)
Roughness 310 nm (CV = 10%) 280 nm (CV = 17%) 292 nm (CV = 14%)

As evident, the absorbers generally showed a higher lifetime (and less roughness)
in the absence of a barrier layer. For instance, as illustrated in Figure 3b, in 63 percent of
the pairs (= samples with and without a barrier under the same processing conditions),
those without a diffusion barrier layer (-Bar) featured a slightly higher average LT value.
This could be attributed to possible alkali provision by the substrate (SLG) [20] and via the
deactivation of copper vacancies with sodium [21].

On the other hand, while the process smoothened the precursor’s surface by ~100 nm,
the films” generally rough surface was not unexpected, given the typical surfaces known in
CIGS absorbers developed via a two-step sequential route [22].

Additionally, there appeared to be a mild correlation between the roughness and
LT data. In 63% of the pairs (rising to 81% when including D and CP), when a barrier
existed, the lifetime was less, and the roughness was higher. This could be attributed to the
detrimental effect of roughness to the LT by providing recombination centers at the surface.

As such, these results indicate a general improvement of the absorbers when the path
for alkali diffusion from the substrate is open.

Lastly, Table 3 summarizes the relative distance of each treatment's LT to the baseline,
using the percent error as the statistic. The same is also reported for roughness. Such data
helps in identifying the processing parameters that impacted the quality of the absorbers
the most, with higher values indicating higher impacts. Note that 30 percent, the yellow
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numbers (underlined), is the error value where the boundary was set to distinguish between
significant and nonsignificant error terms, and red numbers (double underlined) indicate
cases where highest errors occurred. As can be seen in both types of absorbers (+Bar
and -Bar), factors A, C and E caused the most differences. Among these, the annealing
temperature (factor A) was already a point of interest given the previous literature [17] and
was a suspect from the beginning, given that primary chalcopyrite phase formation takes
place in this step. However, the absence of an annealing duration was unforeseen; it could
be that the minimum extreme duration is already enough, and the maximum extreme does
not change the phase and crystals to a great extent.

Table 3. Relative distance to the CP, reported in percent error, for the LT and roughness of all
the absorbers.

Barrier +Bar -Bar

Metric Lifetime Roughness Lifetime Roughness

Level - + - + - + - +
e~y A 20 19 18 4 13 8 7 5
<Y g

gg @ B 15 7 4 3 14 3 13 2
sEE C o1 3 34 0.1 19 40 140 40
T8 D 1 2 7 4 11 16 30 1
TS E 14 4 22 45 6 18 36

~
)
Q.

numbers are farthest from the CP, and yellows are marginally different.

Furthermore, with the aid of the CP treatment, it was investigated whether the factors
affect the absorbers independent of each other or if there exist interactions between them.
This was done through linearly regressing each response (LT and roughness), with the
factor levels as the regressors, and evaluating the R2, j statistic. This statistic adjusts the R?
(square of r in (1)) and describes how close the regressed data is to the linear fit. Therefore,
the higher the statistic value, the closer the data to the fitted line and, in turn, the higher
degree of independency for a factor’s impact on the absorber. This analysis was done for

all the factors and reported for the samples with and without a barrier layer in Table 4.

Table 4. Ri dj (%) for the response variables per each factor. See Table 1 for the references to the
factor codes.

Barrier +Bar -Bar
Metric Lifetime Roughness Lifetime Roughness
i A -71 29 ~0 54
K B 26 ~15 66 -37
5 C 22 20 15 76
"g D -99 29 69 —86
B~ E -7 94 35 86

High values of Rﬁ 4; are colored in red and double-underlined for ease of finding them.
As can be seen, factors A, B and C indicate nonlinearity in both of their response variables
(LT and roughness). This suggests that these processing parameters do not influence
the absorbers independently. Thus, it can be assumed that a degree of interaction exists
between the factors recognized in this study or with some other processing parameters
unrecognized here. On the other hand, factor E appeared to affect the roughness of the
absorbers independent from the other factors and regardless of the use of a barrier. To
a lesser extent, lifetime of barrierless samples could also be independently influenced
by changes in factors B and D. However, as no pair of metrics for these two parameters
pointed in the same direction, it could still mean the presence of interactions between the
processing parameters.
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3.2. The solar Cell Devices

The device parameters are detailed in the trellis plots of Figure 4. Note that each point
represents an average value of four different measurements per sample for each metric.
Same as before, whether a sample had a diffusion barrier or not is indicated in the panel
headers with +Bar. Additionally, note that, in Figure 4b, the absorbers' LT average values
are reported on the same axis as the efficiency for each treatment.
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Figure 4. Solar cell device parameters Jsc and Voc (a) and the Eff, FF and absorber LT (b).

The samples without a barrier layer generally appeared to show higher Jsc and Voc
responses than the samples with a barrier layer. This could be attributed to the possible
inclusion of light alkalis from the substrate [20] and their positive effects on the passivation
of bulk defects [23], an increase of the doping levels [24,25] or the facilitated growth of the
CIGS phase [26]. This is especially notable in the treatment of factor D, which produced
the best cells between all treatments.

Figure 5a illustrates the electrical behavior of this work's baseline (CP) and champion
cell (Factor D, where a faster ramp rate was employed). Note that both instances belonged
to the samples without a barrier layer. For comparison, the data were extracted using a
graph digitizer from a publication by Hiroi et al. on their world record pure sulfide CIGS
solar cell [27], where they also achieved improved cells by employing a fast ramp and
promoting a steeper gallium profile at the back. While our champion cell was significantly
improved in both the short-circuit current and open-circuit voltage by tuning the ramp
rate, it still suffered a considerably lower Voc than Hiroi’s.

4.1 3.1 2.5 Energy (eV) 1.8 16 14
Hiroi's;  1=13.1% Voe= 973, Joc=22.3 1 L 1 f I 1 1
—— Champion; n=_8.1% 712, 100 Hiroi's; BG=1.57 eV, Buffer: ZnMgO, +ARC
B9 —cr, n=42% V=608, ] T Champion; BG= 1.4 eV, Buffer: CdS 800 4 Intercept @1.43 eV
—CP; BG= 1.48 eV, Buffer: CdS
750 4
20 80
700 4
g 60 s
5 ~ - 50 o
1 = 2 650
2 <
= S 600
10 40
550 4
54 20 500 4
450 4
150 300 450 600 750 900 300 400 500 600 700 800 900 270 280 290 300 310 320 330
V(mV) Wavelength (nm) Temperature (K)
(a) (b) (c)

Figure 5. J-V (a), EQE (b) and temperature-dependent Voc (c) of this work’s baseline and best cells.
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Analyzing the EQE plot in Figure 5b, losses at high energies of above 2.4 eV could be
associated with quality and thickness of CdS buffer layer (with a bandgap of ~2.43 eV), and
with the emitted electron—hole pairs not getting collected. A concern actually addressed
in the work of others and Hiroi’s, (partially) by using alternative/thicker buffer/window
layers and increasing the relative work function [11,13,27,28].

At the lower energies of below 1.8 eV, the losses originate primarily from incomplete or
less absorption and generation in the absorber layer. This is understandable given the lower
bandgap of our cells compared to Hiroi’s, which can result from less Ga incorporation. The
XRD analysis (not shown) approved that the developed crystals were mainly of the CulnS;
phase, which has a bandgap of ~1.5 eV [4]. Our sample’s bandgap was also investigated
through calculating the Voc in temperature-dependent I-V measurements (see Figure 5c).
The extracted values for the bandgaps (intercepts of the linear fit in Figure 5c) equal almost
exactly our PL data from champion cell (Factor D = Fastramp) and is only marginally
different in the case of the baseline.

This lack of gallium at the front side could be a side effect of the two-step processing
method, as previous works also suggested that this technique could hinder Ga incorpo-
ration in the active region of the CIGS layer [29,30]. Lastly, shading, reflection and that
we did not apply an antireflection coating also played a role in less EQE values than Solar
Frontier’s work [31].

3.3. Curvature in Response

To investigate an objective correlation between the absorber and device metrics, we
used the Pearson product moment correlation coefficient statistic (r in (1)), which indicates
the strength of a linear correlation between a pair of data [32]:

po Ll -0 —9
VE (-0 (i~ 7

where x; and y; denote the induvial metric values in the ith treatment for the two correlated
metrics, and ¥ and ¥ denote the metric’s means.

The scatter matrix in Figure 6 aids readers to visually inspect the spread of the data.
Note that the values for the best device—that is, for Factor D are not included, as this
device performed significantly better compared to the others.
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Figure 6. Scatter matrix plot for the pairs of metrics annotated with Pearson’s coefficient (r).

The absorbers’ roughness showed a significant negative linear correlation with the
efficiency (and fill factor) (see the r values reported at the bottom of each cell in Figure 6).
In fact, when the same procedure was applied only on the samples without a barrier (-Bar),
roughness complied more with the essential assumptions of the statistic and was even more
strongly linearly correlated with the efficiency (r = —0.87). Still, as the bivariate normality
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requirement for the utilization of Pearson’s statistics was violated in most cases [33],
credible conclusions could not be drawn. Nevertheless, it seems that, except for roughness
in the samples without an alkali barrier, no linear association between the data exists, even
by visual inspection.

4. Conclusions and Outlook

The absence of an alkali diffusion barrier had the most significant effect on our
absorbers’ quality. Three processing parameters proved dominant in dictating the lifetime
and roughness of the absorbers: annealing temperature, sulfur agent (H,S) introduction
temperature and subsequent pressure. Furthermore, our data suggested the existence of
interactions between the processing parameters. The specifics of such interactions could be
the subject of future studies.

Looking at the data of the solar cells, the ramp rate to the sulfurization anneals
played a key role in attaining high-performing devices. Moreover, a strong negative linear
correlation between roughness and device efficiency was observed for samples without an
alkali diffusion barrier.

Meanwhile, a path to develop above 8 percent pure sulfide CIGS solar cells was
established using a two-step sequential processing method and room for improvement
were identified. Roughness of the absorber layers exhibited a strong negative impact on
the performances of devices. The type, quality and thickness of the employed buffer layer
proved to be of high importance in attaining an efficient solar cell based on our EQE results.
Therefore, these are suggested to be the critical areas to study in the future and improve
this state-of-the-art technology.
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