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ABSTRACT

Sulfur is extensively used to increase the bandgap of Cu(In,Ga)(S,Se), (CIGSSe) solar cells and to improve the open circuit
voltage (Vpc) in order to optimize the characteristics of the devices. This study uses a sulfurization process to obtain a
double-graded bandgap profile. Selenization was carried out on Cu(In,Ga) precursors, followed by one sulfurization
process or two consecutive sulfurization processes on top of the CIGSe absorber layer surface. The optimum two-step
sulfurization process provides an increase of Vo of 0.05V and an improvement of conversion efficiency of 1.17%. The
efficiency of the 30x30cm? monolithic module, which has 64 CIGS cells connected in series (aperture area:
878.6cm?), is 15.85%. The optical and electrical properties of the phase and the work function distribution were
investigated using the depth profiles of the absorber layer as a function of the sulfurization conditions. The CIGSSe thin
film formed by two-step sulfurization with a high sulfur concentration exhibits a single work function peak, better
crystallinity, and higher conversion efficiency than those of the thin film formed by two-step sulfurization at low sulfur
concentration. In terms of the Raman spectra depth profile, the phase areas for the CIGSSe thin film that underwent the
optimized high sulfur concentration two-step-sulfurization appeared to have less of Cu,_,Se phase than that with low sulfur
concentration. Consequently, surface and interface phase analysis is an essential consideration to improve cell efficiency.
Copyright © 2016 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The highest conversion efficiency that has been achieved
for polycrystalline Cu(In,Ga)Se, (CIGSe) thin film solar
cells is of 22.3% [1], and the highest efficiency of CIGSe
modules is 18.7+0.6% for a mini-module size of
15.892 cm? [2]. However, CIGSe solar cells with a larger
module size exhibit a lower conversion efficiency, and
one of the critical issues for CIGSe thin film solar cells is
the bandgap gradient. Most device parameters are
determined by the characteristics of the absorber layer, so
many research groups have tried to form a Cu(In,Ga)(S,

Copyright © 2016 John Wiley & Sons, Ltd.

Se), (CIGSSe) absorber layer with a graded bandgap by
controlling the Ga/(Ga+1In) and S/(S + Se) ratio [3,4]. The
Ga/(Ga+1In) ratio of a CIGSe solar cell is important in
order to determine device performance, including the open
circuit voltage (Voc) and short circuit current density
(Jsc) [5,6]. Solar Frontier Inc. reported on a solar module
made of CIGSSe with 17.8% efficiency, constructed on a
900-cm® module [7,8] where the absorber layer in the
module was fabricated via sputtering and an Se and S
annealing process. Recently, Samsung SDI achieved an
efficiency of 17.9% with a 30x30-cm”® CIGSSe solar
cell[9]. One critical factor that determines the device
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performance is the sulfurization process that is used. A
surface sulfurization process can produce a high Vo, but
strong sulfurization can negatively impact the fill factor
of the device. Therefore, it is important to optimize and
control the sulfurization process in the CIGSSe absorber
layer in order to obtain a high-efficiency module.

In this study, we compare a CIGSSe film sulfurized in
two steps with different H,S gas concentrations. We
characterized the phase distribution of the CIGSSe film
using the depth profiles, and we discuss the sulfur reaction
and phase difference with respect to the sulfurization
process. In a previous study, Fontané et al. used in-depth
resolved Raman spectroscopy and secondary neutral mass
spectrometry to investigate the inhomogeneities in a
polycrystalline CIGSe layer'®. They prepared a sputter-
erosion CIGSe sample with an Ar* beam to obtain the
Raman spectra, and compositional inhomogeneity
measurements and the Raman spectra were obtained at
different depths [10]. Moreover, Fontané et al. also
obtained micro-Raman spectra with depth profiles from
different Cu-poor CulnSe, (CIS) thin films, and their
results have suggested that secondary phases at the back
interface region could influence the electrical characteris-
tics of the back contact in the cells [11]. In this study, the
work function distribution was measured from the sample
surface to the back contact region to obtain the double
bandgap gradient and the phase distribution of the CIGSSe
thin film as a function of the different sulfurization
processes.

2. EXPERIMENTAL
2.1. Growth of CIGSSe thin film solar cells

A two-stage process was applied as the growth method for
the CIGSSe absorber layer. Cu:Ga targets (Cu 28wt.%Ga
alloy) and In were sequentially deposited on 300-nm-thick
Mo-coated soda lime glass by DC sputtering using a
Cu/(Ga+1In) ratio of 0.87. Ga metal was deposited near
the back contact region to obtain a high bandgap and to
thereby form a back electric field. A Cu/(Ga+ In) ratio of
0.87 was used, and after growing the film, CIGSSe was
formed via selenization and sulfurization using H,Se and
H,S gas, respectively, mixed with N, gas. The CIG
precursors were first selenized at 500 °C for 35 min with
H,Se (2%) and N, gas to form a CIGSe layer, after which
the CIGSe films were sulfurized with H,S and N, gas. The
surface sulfurization process could be achieved by grading
the bandgap near the film surface (front grading). The
CIGSSe samples were fabricated using two steps with
different S concentrations. In the first sulfurization step,
we used a ratio of either 0.05 (“low” S concentration;
H,S:N,=0.05:10) or 2 (“high” S concentration; H,S:
N,=2:10) H,S gas for 30min. The second step used
10% H,S gas for 30min. A detailed description of the
process creating the CIGSe absorber layer has been
previously reported [12,13], and the details of the precursor

140

G. Y. Kim et al.

deposition and the annealing process are schematically
shown in Figure 1. The selenization process included
annealing at 500 °C, and for this study, the sulfurization
process was controlled as a two-step process. In the
two-step sulfurization process, exposure to the H,S gas
was divided into two 30min periods with first a
“low”/“high” S concentration and then a 10% H,S
exposure. A graded bandgap CIGSSe absorber was
obtained, and its nature was dependent upon the
selenization and sulfurization processes that were used.
We have studied the sulfurization process over a broad
range of temperatures, gas concentrations, and process
times. Although the difference between the “low” and
“high” contents of H,S used in the sulfurization process
seems minor, the device parameters were very sensitive
to sulfurization conditions. In the first sulfurization step,
the grain size of the absorber material was improved by
using a low concentration of H,S gas, which diffused into
the grain boundaries during the second sulfurization step.
If the first sulfurization step is performed under only inert
gas (such as N, or Ar), many voids form across the
CIGSSe film. In contrast, too much S in the first step
induces defects in the CIGSSe surface. Sulfurization with
a high H,S concentration negatively affected both the fill
factor and V¢ because of the deterioration of P/N junction
quality caused by S surface etching. A buffer layer of
Zn(O,0H,S) was then grown on the absorber by chemical
bath deposition. A transparent conducting oxide layer of
boron-doped zinc oxide was subsequently deposited on
the Mo/CIGSSe/Zn(O,0H,S) film via low-pressure
chemical vapor deposition.

2.2. Characterization of CIGSSe absorber
layer

The CIGSSe films were cut on the vicinal plane using a
dimpling grinder, whereupon we could observe the phase
distribution as a function of the film depth. We used an
excitation laser with a wavelength of 488 nm (sapphire-
laser) and a spot size of 1um. The results of the micro
Raman scattering spectra were measured using a spectrom-
eter (Model 207, McPherson Inc.) equipped with a
nitrogen-cooled charge-coupled device array detector. We
observed phase distribution of CIGSSe thin films by micro
Raman scattering measurements with an excitation of a
488 nm-wavelength laser operating at a power of 1.5 mW
and a spot size of 1 um in diameter. The cross-sectional
views and mapping images of each element were obtained
via transmission electron microscopy (JEM-2100F, JEOL
Ltd, Japan) and energy dispersive spectroscopy (EDS).
Kelvin probe force microscopy (KPFM) was used to
characterize the phase of the sample surface, and further
imaging was performed using an atomic force microscope
(AFM) (n-Tracer, NanoFocus Inc., Seoul, Korea) with a
cantilever with Pt/Ir-coated silicon tips (Nanosensor). The
tip was calibrated with highly-oriented pyrolytic graphite
(®=4.6+0.1eV) to convert the potential difference to a
workfunction [14,15] and an absolute workfunction of the
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Figure 1. Growth process of the CIGSe absorber layer. (a) The CIG precursors were established with Cu:Ga precursor deposition,

followed by In precursor deposition. (b) The precursors were annealed with H,Se and N, gas, after which sulfurization was carried

out with H,S and N, gases. (c) The temperature profile of the sulfurization and selenization process for the two-step sulfurization
process.

tip. The AFM topographical images were obtained at a
probe resonant frequency of 78.18 kHz, and the surface
potential was measured in the non-contact mode by
applying an AC voltage with amplitude of 1.0V and a
frequency of 60.5 kHz to obtain clear images with sufficient
sensitivity. The AFM scan area was of 3 x 3 um?, and the
scanning rate was set to 0.5 Hz to minimize the topological

signal, while the lock-in amplifier operated at a sensitivity
of 100 mV/nA. The samples were not damaged while carry-
ing out these AFM measurements. The plane morphology
and cross-section of the system were imaged via field
emission scanning emission microscopy, while the depth
profile composition of the CIGSSe films was characterized
using a glow discharge optical emission spectrometer.
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3. RESULTS
3.1. CIGSSe growth conditions

Figure 1(a) shows the schematics of the deposition process
for the absorber layer. The Solar Frontier group (SF) have
previously reported on the sulfurization conditions of a
CIGSSe film [7,8] that are similar to those used in this
work, though there are some differences. First, the
annealing temperature used by SF (450 and 480 °C during
sulfurization) were lower than that used in this work, and a
longer sulfurization time was also applied with Ar gas. In
addition, the SF used a high H,S gas concentrations of
10, 15, and 20% under continuous selenization [7].
Therefore, it is critical to optimize the sulfurization process
to further increase the efficiency of these films. In this
study, the sulfur concentration was controlled by changing
the ratio of the H,S and N, gases, as shown in Figures 1(b)
and 1(c). These two-step process variations can be used to
gain an optimal double-graded bandgap in the CIGSSe
absorber layer, and the details of the bandgap depth
profiles are shown in Supplementary Figure S1. The results
indicate that we can achieve the highest efficiency of
15.85% with a solar cell aperture area of 878.6 cm”.
Table I indicates the device characteristics for the two-
step-sulfurized CIGSSe solar cells when cell parameters
were obtained using a 300 x 300-mm? monolithic module.

3.2. Characterization of phases in CIGSSe

Figure 2 displays the phase distribution depth profile
obtained with the micro Raman scattering spectra of the
two-step-sulfurized films with a low S concentration
[Figures 2(a) and 2(c)] and a high S concentration
[Figures 2(b) and 2(d)] in the first sulfurization step. We
selected 12 locations from the surface to near the back
contact layer, including the S-rich and Se-rich spots. The
surface sulfurization process was applied to these CIGSSe
films, so the ratio of S/(S+Se) at the surface of the
absorber layer is higher than that in the middle. In addition,
the intensity of the A; mode near the 292-cm™' peak is
associated with anion (S or Se) vibration and hence related
to the S concentration [16-19], so we can expect a higher
intensity of the CulnS, (CIS) peak at 292 cm ! as the S
concentration increases in the CIGSSe absorber layer.
CIGSSe films with high [Figure 2(d)] S concentrations
exhibit a main CIGSSe peak that appears at spots 1 to
12. The CIS A; mode is strongly influenced by the
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Figure 2. Optical images and Raman spectra of the two-step-
sulfurized CIGSSe thin films. The locations from where Raman
measurements were obtained are marked for the samples with
(a) low and (b) high concentrations of sulfur. Depth profile Ra-
man spectra of the films with a (c) low and (d) high S concentra-
tion. It can be seen in (c) that the main CIGSSe peak (black
square) disappears as the depth progresses from spot 1 to 8,
while in (d) the main CIGSSe peak remains throughout the depth
from spots 1 to 12, indicating that the CIGSSe phase exists in
the entire absorber layer region. The A; mode CIS peak (green
circle) can also be seen in more sampling spots in (d) than in (c).

composition of the chalcopyrite compound. The vibra-
tional motion of S and Se atoms (VI) directly affects the
CIS A;-mode frequency, and that of Ga and In (III) is
associated with the CIGSSe A;-mode frequency near
190cm™ ! [17-19]. Furthermore, the frequency of the A,
mode can be calculated from the weight ratio of I, II, and
VI group elements of CIGSSe. The A; mode CIS peak
appears at spots 1 to 6 in the high S concentration CIGSSe
film [Figure 2(d)]. The CIS peak shifts linearly from 294 to

Table I. Module (30 x 30 cm?) parameters for the CIGSSe thin film solar cells.

. Sulfur
Sulfurization ]
process coneentration  geriiency (%) Voe (V) Jse (mA/em?)  Fill Factor (%) Regries (Q/cm?)  Rapume (Qfcm?) A
two-step 0.05:10 1:10 14.68 0.626 33.62 69.71 1.25 644 1.60
0.2:10 110 15.85 0.683 31.86 72.82 1.19 1473 1.47

Parameters include efficiency, open-circuit voltage (Voo), short circuit current (Jsc), fill factor, series resistance (Rseries), Shunt resistance (Rspund and diode

ideality factor (A). The best device exhibits a conversion efficiency of 15.85% from a two-step sulfurized CIGSSe thin film.
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290cm™' with changing S/(S+Se) concentration, as
indicated in Table I1[20-29]. Table II also shows that the
CIGSSe A;-mode peak exhibited a linear frequency shift
that reflects the change in Ga/(Ga+ In) ratio. The film with
low S concentration [Figure 2(c)] only exhibited the CIS
peak in the spectra measured at spots 1 to 4 because of
the insufficient S incorporation. These results indicate
that the process using a high S concentration provides suf-
ficient S incorporation and forms a high-quality CIGSSe
absorber layer. The CIS A; mode is influenced by the
S/(S+Se) ratio because of the vibration of the anion
sublattice [18,20]. The A;-mode frequency is inversely
proportional to anion atomic weight [17,19]. Thus, the
MoS, peak is broader for the CIGSSe film with a high S
concentration than that of the film with a low S
concentration.

Figure 3 exhibits transmission electron microscopy
cross-section images [Figures 3(a) and 3(d)] and the
corresponding EDS maps for sulfur [Figures 3(b) and
3(e)] and selenium [Figures 3(c) and 3(f)] in the two-
step-sulfurized CIGSSe thin films. The high intensity of
the S EDS map can be seen at the surface of the high S
concentration CIGSSe thin film. The Se is uniformly
distributed in the CIGSSe thin film with a low S concentra-
tion, while the high S concentration film exhibits a Se
intensity that is lower at the surface of film. EDS results

High photo-conversion efficiency in double-graded Cu(In,Ga)(S,Se), thin film solar cells

revealed that S diffuses into the deeper layers of the
CIGSSe with a high S concentration and accumulates at
the surface of the CIGSSe layer with high S concentration,
while Se is distributed uniformly in the CIGSSe layers for
both the high and low S concentration films.

Figure 4 plots the depth profile of the peak position of
the work function distribution of the two-step-sulfurized
CIGSSe thin films with different S concentrations at
different spots (1 to 8) from the CIGSSe surface to the
Mo layer. At spot “1” at the surface of the CIGSSe
absorber layer, the high S concentration film exhibits a
higher work function value than the low S concentration
film, while the work function value of the CIGSSe film
increases near the back contact. The work functions of
the two-step-sulfurized CIGSSe thin films with different
sulfur concentrations were calculated by comparing the
work functions of the tip and the sample. The work
function of the sample (dbggmpe) Was obtained by
subtracting the tip work function (¢,) and by using
highly-oriented pyrolytic graphite [14,15], though its value
is affected by the doping and carrier concentration [30-35].
Vepp is the contact potential difference of the tip and the
sample, and e is the elementary charge. Specifically, the
work function changes when the Fermi level changes with
lower doping concentrations, so a higher S concentration
induces an increase in the work function. The scan size

Table Il. Depth-dependent Raman scattering spectra peak locations of different phases in the CIGSSe thin films [21-29].

two-step: low concentration em™)

two-step: high concentration em™)

Spot
CIGSSe Cu,,Se CulnS(Se), MoS, CIGSe Cuo,Se CulnS(Se), MoS,
1 191.28 259.99 291.49 192.91 262.34 291.49
211.02 214.23
2 188.94 260.74 292.35 191.30 293.09
218.94 215.84
3 182.62 290.74 192.16 290.74
214.23 216.59
4 179.48 294.71 189.80 291.49
218.20 215.84
5 179.51 184.98 294.71
217.34 213.37
6 180.26 256.77 182.62 295.46
222.05 216.59
7 182.62 257.62 308.10 361.79 181.12
224,52 220.55
8 183.48 257.63 306.49 362.54 184.23 256.77
223.66 400.18 223.66
9 264.70 270.27 256.02
305.74 364.14 184.23
170.08 401.97 223.66
10 263.09 173.94 303.52 185.83 270.27
363.29 224.52 259.99
401.97 302.53
11 169.22 186.58 271.02 363.28
227.63 302.53 401.22
12 166.87 187.33 271.15 364.89
220.55 303.39 404.33
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Figure 3. Transmission electron microscope cross-section

images of two-step-sulfurized CIGSSe thin films with (a) low

and (d) high S concentration. Energy-dispersive X-ray spectra

elemental maps showing the distribution of (b,e) S and (c,f) Se

in the CIGSSe absorber layer. (e) The high intensity of S is

apparent near the surface of the sample with high S
concentration.

of the KPFM images is of 3 x 3 um?, and the grain size for
CIGSSe is about 100-200 nm, as indicated in Supplemen-
tal Figures S2 and S3. Dimpled samples were prepared
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Figure 4. The depth profile work function distribution of the
two-step-sulfurized CIGSSe thin films processed with low and
high S concentrations, showing the peak position of the work
function from different depth locations (spot) from the CIGSSe
surface to the Mo layer. At the surface of the CIGSSe absorber
layer (spot “1"), the film with a high S concentration exhibits a
higher work function value than the low S concentration film.
The work function values increase near the back contact (spot
“8").

with alumina nanoparticles and were subsequently etched
with deionized water for 10 min to remove the oxidation
layer. Baier et al. reported that the work function of an
as-grown (1 h exposed to air) CIGS sample was ~4.4eV,
and that of a chemically etched CIGS sample was
~4.8eV [15]. Our work function value for the CIGSSe
samples averaged ~4.72 eV with deionized water etching,
and this corresponds to the values presented by the other
groups. When the sample was sulfurized in non-optimal
sulfurization concentrations, the sulfur could not react well
with the CIGSSe film. As a result, a secondary phase
formed in the CIGSSe absorber layer that possessed a
non-uniform composition [31,32]. In the surface of the
absorber layer, the low S concentration CIGSSe film
exhibits work function values that are lower than the high
S concentration film at spots “1”” and “2.” However, at spot
“4,” the work function value for the low S concentration
film is higher than that of the high S concentration film.
In the middle of the absorber layer, the work function value
is similar for both of the CIGSSe films. We should mention
that Ga and S influenced the work function of the CIGSSe
thin films. In a previous study, the work function of GBs in
CIGSe absorber layer did not depend on Ga content [15].
However, a correlation between the work function and
S/(S + Se) composition ratio of Cu,ZnSn(S,Se), (CZTSSe)
was observed in KPFM measurements [33]. An increase in
the S/(S+Se) ratio raised the local work function,
consistent with the presence of S-rich regions in CZTSSe.
Based on these previous studies, we expect that the
S/(S + Se) ratio plays a larger role than the Ga/(Ga+ In)
ratio in determining the work function of the CIGSSe
films. The details of the work function values are given
in Supplemental Figure S4.
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4. DISCUSSION

4.1. Phase distribution of CIGSSe as a
function of S concentration

Figure 5 schematically displays the S grading and the
phase distribution of the two-step-sulfurized CIGSSe thin
films with a low S concentration [Figure 5(a)] and a high
S concentration [Figure 5(b)]. The dark grey gradation
region marked in the high S concentration CIGSSe thin
film indicates that deeper sulfur diffusion exists in this film
than what exists in the low S concentration thin film. The
Se is uniformly distributed in the CIGSSe layer, and S is
accumulated near the surface of the CIGSSe absorber
layer. In particular, higher amounts of sulfur are contained
near the surface of the two-step-sulfurized CIGSSe layer
with a high S concentration, as indicated in Figure 5(b).
Based on the Raman scattering spectra, we can expect that
thicker Cu,_,Se phase exist in the CIGSSe layer with a low
S concentration than that with a high S concentration.

(a)

Low ‘S’ concentration

CIGSSe
(S-rich)

CIGSSe

(Se-rich)

A M082

500 nm

(b) High 'S’ concentration

ClIGSSe
(S-rich)
N - CIGSSe
.r‘ \ ' (Se-rich)
Eﬁbﬂ,‘!—mm 7
= MoS,

Figure 5. Schematic of the S grading and phase distribution of

the two-step sulfurized CIGSSe thin film with (a) low and (b) high

S concentrations. The schematic (b) demonstrates deeper sulfur

diffusion (dark grey area) in the film with a high S concentration
than that with a (a) low S concentration.
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4.2. Device characteristics

Figure 6(a) indicates the current versus voltage curves of
the CIGSSe thin film solar cells with the different two-step
sulfurization processes with two different S concentrations.
The CIGSSe film with high S concentration prepared by
two-step sulfurization exhibits a better Ve than that of
the film with low S concentration. The work function
distributions of the surface of the CIGSSe thin films with
different S concentrations measured by KPFM are shown
in Supplemental Figure S5. A high S concentration gave
a more uniform work function distribution than a low S
concentration. We previously reported a similar result that
uniform surface phase distributions, indicated by a sharp
work function distribution, correspond with uniform phase
formation and better crystallinity of CIGSSe [12]. Based on
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Figure 6. (a) Current-voltage curves of double-graded CIGSSe
thin film solar cells with different S concentrations. The highest
conversion efficiency is found for the cell containing a thin film
with high S concentration prepared by two-step sulfurization.
(b) External quantum efficiency (EQE) measurements of CIGSSe
thin films with different S concentrations prepared by two-step
sulfurization. The cell with a CIGSSe film with high S
concentration exhibits the highest quantum efficiency of those
investigated.
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this, the CIGSSe surface with uniform phase distribution
should form a better contact with the buffer layer than
the one with non-uniform phase distribution. Figure 6(b)
plots the external quantum efficiency of the CIGSSe thin
film solar cells sulfurized with a two-step process for two
different S concentrations. In this plot, the high S
concentration of the CIGSSe thin film solar cell exhibits
better quantum efficiency than that of the low S concentra-
tion solar cell. The calculated Jg¢ for the cells containing
films with low and high sulfur concentration are 38.40
and 38.02 mA/cm?, respectively. These results correspond
with the I-V data (Jsc of the devices containing films with
low and high sulfur concentration were 33.62 and
31.86 mA/cm?, respectively). The calculated bandgaps of
the films with low and high sulfur concentrations are
1.17 and 1.21eV, respectively. The bandgap difference
affects Jg¢, and thus the device containing a film with high
sulfur concentration shows a lower Jgc than that of the
device with a film with low sulfur concentration. The
device containing a CIGSSe film with high sulfur
concentration shows higher external quantum efficiency
than that of the device with a film with low sulfur concen-
tration because of the better bulk quality of the CIGSSe
film with high sulfur concentration. Moreover, scanning
emission microscopy images of the cross-section for both
of these thin films shows that the high S concentration film
possesses dense grains near the back contact region, while
the low S concentration film possesses porous grains near
the Mo layer (Supplemental Figure S6). The uniform grain
growth influences to the better contact under high S
concentration. It could improve the fill factor of the
optimized two-step CIGSSe device. Moreover, the
optimized two-step sulfurization process obtained uniform
phase distribution of CIGSSe layer and double graded
bandgap profile within CIGSse absorber layer. It results
in better quantum efficiency of absorber layer and interface
quality. Therefore, the double-graded bandgap improves
the Vo, fill factor, and absorption of the CIGSSe thin film
solar cell.

5. CONCLUSIONS

We obtained a double-graded bandgap CIGSSe module by
sputtering and annealing in the presence of S and
Se-containing gases. The highest conversion efficiency
was of 15.85% with an aperture area of 878.6 cm?.
Micro-Raman spectroscopy and Kelvin probe force
microscopy were used to investigate the optical and
electrical properties of the phase distribution and phase
formation as a function of the depth for the absorber layer
that was prepared with different sulfur concentrations. A
two-step-sulfurized CIGSSe thin film possessing a rela-
tively high sulfur concentration exhibits a deeper sulfur
diffusion and thinner Cu,_,Se phase than that with a lower
S concentration. The depth profile of the Raman spectra,
the main CIGSSe peaks, and the CIS peaks of the two-
step-sulfurized CIGSSe thin film that possesses a higher
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sulfur concentration evidenced the existence of larger
phase areas and better crystallinity. The CIGSSe surface
with uniform phase distribution should form a better
contact with the buffer layer than the one with non-uniform
phase distribution. The bandgap difference affects Jg¢, and
thus the device containing a film with high sulfur concen-
tration shows a lower Jg¢ than that of the device with a film
with low sulfur concentration. The device containing a
CIGSSe film with high sulfur concentration shows higher
external quantum efficiency than that of the device with a
film with low sulfur concentration because of the better
bulk quality of the CIGSSe film with high sulfur concen-
tration. Therefore, we can expect this more uniform surface
phase improves the interface state between CIGSSe and Zn
(0,S) in terms of the V.
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