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An Efficient S and Se Co-Annealing Strategy for
Performance Enhancement of Solution-Processed
Submicron Culn(S,Se); Solar Cells

Yao Gao"”, Guanchao Yin", Yong Li

Abstract—Solution-processed Culn(S,Se)> (CISSe) solar cells
with a submicron absorber (500 nm < thickness < 1 pm) can
effectively reduce the deposition time and manufacturing cost.
However, both, sensitive shunt paths and serious rear interface
recombination limit the performance of submicron CISSe solar
cells. In this work, Cu-In-S precursor films are comparatively
annealed under Se or Se and S conditions. When the precursor
films are annealed in pure Se, the efficiency of the CISSe solar cells
can significantly improve from 7.51% to 8.57% with increasing Se
content. The Se and S annealing condition enables further efficiency
improvement, CISSe solar cell with an efficiency of 10.44% is
achieved with the absorber annealed in high Se and S content. The
origins of the efficiency enhancement may be found in a widened
bandgap and effectively passivated shunt paths, resulting in a
significant improvement of V. (601.2 mV) and FF (68%).

Index Terms—Copper indium sulfoselenide (CISSe), Se and S
co-annealing, solution process, submicron, V. improvement.

I. INTRODUCTION

HALCOPYRITE-BASED  (Cu(Ing,Ga;_)(Sy,Se;_y)2)
C semiconductors are one kind of promising solar cell
materials with 23.6% record efficiency [1], [2], [3]. The
CIGSSe solar cell with 23.35% efficiency is achieved by
a sulfurization after selenization (SAS) treatment to an
as-sputtered In-Cu-Ga stack [2]. However, high-purity metals
and high vacuum are required to sputter the precursor stack,
which leads to high fabrication cost and low throughput. It is
believed that an alternative solution-based process is one of
the potential paths to reducing production costs and improving
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throughput [4], [5], [6], [7], [8], [9]. So far, either molecular
solutions or nanoparticle inks have been utilized to fabricate
CIGSSe-based solar cells [5], [6], [8], [9]. For instance,
high-efficiency copper indium sulfoselenide (CISSe) solar
cells can be fabricated from copper-indium-thiourea-dimethyl
formamide (Cu-In-TU-DMF) precursor films in conditions
of high selenium pressure [10], [11], [12], [13]. Carrying
out selenization under high pressure is beneficial to achieve
high power conversion efficiency due to the formation of
high-quality CISSe absorbers. Increasing the content of Se
can provide a higher selenization pressure. However, films
prepared with a high content of Se require a subsequent long
KCN etching process to remove excessive Se and Cug_,Se.
The highest quality solution-processed CIGSe solar cell
with 17.3% certified efficiency was achieved by annealing
the hydrazine-based precursor film in nitrogen (without
any additional Se) rather than subjecting it to conventional
selenization [9]. However, the highly toxic hydrazine solvent
hinders the further development of this method. Therefore,
annealing the precursor films in a low content of Se may be
an alternative strategy for CIGSe absorber fabrication, which
can reduce the consumption of KCN by shortening the etching
time.

The CIGSSe-based solar cells with a standard thick absorber
(2-2.5 pm) exhibit high efficiencies. However, the thick ab-
sorbers require high consumption of scarce indium leading to
high cost [3], [4], [14], [15], [16]. In addition, when the thick
absorber is deposited via a solution process, a residual carbon
layer forms at the rear side of the absorber [5], [6], [7], [8],
[17]. This layer will deteriorate the adhesion of the absorber and
increase the recombination of photogenerated carriers. On the
contrary, thinning the absorber thickness can effectively reduce
manufacturing costs and shorten deposition times. In terms of the
solution process, reducing the absorber thickness can decrease
the consumption of precursor solution. Therefore, the thickness
of the residual carbon layer is reduced. However, reducing the
absorber thickness to ultrathin (below 500 nm) will result in
incomplete light absorption as well as enhanced recombination
of photogenerated carriers at the rear interface [10], [14], [18],
[19]. Submicron CIGSSe (500 nm < absorber thickness <
1 pum) is a promising compromise due to the reduction of
material consumption while still showing relatively high light
absorption [20].
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Interface recombination is observed in solution-processed
CIGSSe films owing to a large number of Se vacancies (Vse)
and the Se-Cu di-vacancy complex (Vse-Veu) [2], [21], [22],
[23], [24]. Surface defects, copper and selenium vacancies can
be effectively passivated via a surface sulfurization of CIGSSe
films [1], [6], [23]. The valence band maximum (VBM) at the
surface of the absorber can be lowered, leading to an increase
of the bandgap and the formation of a hole-recombination
barrier [21], [23]. Culn(S,Se)s (CISSe without Ga) presents
an open-circuit voltage (V,.) in the range of 400-550 mV,
which is significantly lower than for CIGSSe [11], [12], [25],
[26]. S incorporation can improve the V. of chalcopyrite solar
cells due to a wider bandgap [22], [23], [27]. However, carrier
collection losses are observed in postsulfurized CIGSSe solar
cells due to increased grain boundary recombination [23]. For
CIGSSe absorbers processed sequentially from sputtered metal
precursor stacks, a simultaneous sulfurization and selenization
strategy has been utilized to obtain high efficiency solar cells
[28]. However, the generally applied HoS gas comes with the
challenge of toxicity, and alternatives for S incorporation into
the chalcopyrite absorbers have attracted considerable interest.
Furthermore, there is rare research on applying simultaneous
selenization and sulfidation for solution-processed chalcopyrite
precursor films.

In this work, the effect of annealing in conditions of low and
high chalcogen content is researched. We will investigate how
the morphology, composition, and electrical properties change
with increasing Se content and the addition of S. The solar cell
properties are further improved when the CISSe absorbers are
subject to annealing in a high content of Se and S. Finally, a
champion efficiency of 10.44% is obtained for the condition of
annealing in a high content of Se and S.

II. EXPERIMENTAL DETAILS

1.197-g TU was first dissolved in 8-mL DMF to produce
a clear solution after 20 min stirring at room temperature.
Then, 0.253-g CuCl was introduced into the as-mentioned clear
solution and stirred until CuCl was completely dissolved. To
the fabricated Cu-In-TU-DMF precursor molecular solution,
0.608-g InCl3 was added and a yellowish solution was obtained
after overnight stirring. The solution was filtered by using a
0.45-pm polytetrafluoroethylene filter. The solution was then
spin-coated on a glass substrate coated with 800-nm Mo back
contact (2.5 cm x 2.5 cm) at 1500 rpm for 60 s. Afterward, the
film was immediately annealed on a hot plate at 350 °C for 2 min
and moved to a ceramic plate for cooling down naturally. The
coating—annealing—cooling cycle was repeated eight times to
obtain a total film thickness of around 800 nm. The as-prepared
Cu-In-S precursor films were annealed in a closed tube furnace
under Se or Se and S conditions (with slight Ar overpressure): a
first heating step took place at 350 °C for 15 min and a second
step at 540 °C for 20 min to form CISSe thin films. The absorbers
annealed in a low content of Se (0.18-g Se) are referred to
as L-CISSe. The CISSe absorbers annealed in high content of
chalcogens are referred to as H-CISSe (0.24-g Se) and HS-CISSe
(0.2-g Se and 0.04-g S). For increasing the Se content we stayed

below the limit of 0.24 g, for which we observed excessive Se
remaining in the ceramic boats in our previous experiments.
After high-temperature annealing, the as-fabricated films were
etched in a 10% KCN solution for 3 min.

The 80 nm CdS buffer layers were deposited on CISSe
absorber layers by a chemical bath deposition (CBD) method
using a 50 mL precursor solution consisting of 0.075 M
Cd(CH3CO3)3, 0.1 M TU, and 19.9 M NH3-H2O. The CdS
buffer layers were grown at 80 °C for 6 min. 80 nm i-ZnO layers
were deposited via a radiofrequency (RF) magnetron sputtering
method at 120 °C with 100 sccm Ar and 4 sccm Os and 1.5
W-cm~2 at 0.6 Pa. The high conductive aluminum doped zinc
oxide (AZO: 1.5 wt% Al2Os3, and 98.5wt% ZnO target) layers
with 300 nm thickness were deposited by an RF magnetron
sputtering method at 120 °C with 100 sccm Ar and 2.5 W-cm ™2
at 0.6 Pa. Finally, Ni/Al contact grids were deposited by thermal
evaporation. The active area of each CISSe solar cell was 0.5
cm? defined by mechanical scribing.

A Rigaku SmartLab high-resolution X-ray diffractometer
with Cu Ko radiation is utilized for X-ray diffraction (XRD)
measurement. For Raman scattering with an excitation laser
of 532 nm wavelength, a home-built system by Femtika was
employed. Compositions of the CISSe absorbers were measured
by a calibrated ED-XRF (Energy dispersive X-ray fluorescence)
instrument of type SPECTRO XEPOS. The elemental distribu-
tion of the CISSe absorbers was extracted by glow discharge
optical emission spectroscopy (GDOES) using a Spectruma
GDA 650 HR analyzer. Both, GDOES and Raman measurement
were performed on samples with the CdS/i-ZnO/AZO/Ni/Al
layers removed from the top of finished solar cells to release the
absorber. Morphologies of the CISSe devices were measured by
scanning electron microscopy (SEM) using a JEOL JSM-7500F.
The light current density—voltage (J-V) curves were taken under
standard test conditions (AM1.5G; 100 mW/cm?; 25 °C) by
using a WACOM sun-simulator containing both a Xenon and
a Halogen lamp. A self-built EQE-setup was utilized for the
external quantum efficiency (EQE) measurement, which was
calibrated in the wavelength range of 300—1350 nm with Si and
Ge diodes as references. For the dark condition capacitance—
voltage (C-V) measurements, a BK PRECISION Model 895
operating at 100 kHz and a 5-mV testing signal were employed
for data collection. In addition, temperature-dependent current
density—voltage measurements were carried out in an enclosed
liquid helium cryostat, with the temperature sensor mounted
atop the sample.

III. RESULTS

The XRD patterns of CISSe absorbers annealed in various
atmospheres are shown in Fig. 1(a). The strongest Bragg re-
flection at 40.5° can be indexed to the (110) plane of the Mo
back contact [10], [11]. The positions of Bragg peaks at 26.9°,
44.7°, and 53.1° correspond to the (112)/(103), (204)/(220),
and (116)/(312) planes of chalcopyrite, respectively [10], [11],
[13]. The positions of these planes appear slightly right-shifted
compared to the positions of the pure chalcopyrite CulnSe,
(JCPDS: 40-1487) since our all absorbers include S from the
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Fig. 1. (a) XRD patterns. (b) Enlarged (112) diffraction peaks. (c) Enlarged
region between 29°-58°. (d) Raman spectra of CISSe absorbers annealed in
various atmospheres.

TU of the precursor, resulting in Culn(S,Se), (CISSe). A high
Se vapor pressure is achieved during the annealing process,
thus, a large amount of liquid Se will penetrate from the film
surface to the whole film [10]. A pronounced shift of the (112)
peak to larger angles is observed for the HS-CISSe absorber,
due to the higher concentration of the smaller element S [see
Fig. 1(b)]. The H-CISSe absorber presents the strongest intensity
of the (112) Bragg reflection and the smallest full width at
half maximum (FWHM: 0.26° for L-CISSe, 0.23° for H-CISSe,
and 0.39° for HS-CISSe), indicating that the H-CISSe has the
best crystallinity amongst these absorbers [15]. The H-CISSe
presents the Mo(S,Se). Bragg reflections, whereas HS-CISSe
and L-CISSe do not [see Fig. 1(c)].

The strong Raman peaks of the CISSe absorbers correspond-
ing to the A1 mode are observed at 177-184 cm ™! [see Fig. 1(d)].
The shift to higher wavenumbers of this Raman peak compared
to pure CulnSes is in analogy to the XRD results attributed to
the incorporation of S into the absorber layer [10], [11]. For
the same reasons, the Raman peak of HS-CISSe shows a more
pronounced right shift than the L-CISSe and the H-CISSe. A
shoulder peak is observed at 154 cm~! in HS-CISSe, which is
assigned to the order defect compound (ODC) [11]. Equally,
the shoulder peak displays a slight right shift, confirming the
formation of the Culn3(S,Se); ODC rather than pure CulngSes
(152 cm™).

The element distributions of the CISSe absorbers annealed in
various conditions are shown in Fig. 2. Compared to L-CISSe
and H-CISSe absorbers, the HS-CISSe absorber reveals a no-
table enhancement in the S concentration and a simultaneous
reduction in Se concentration [see Fig. 2(a) and (b)]. A slight
increase in the S concentration near the front surface of the
HS-CISSe absorber can be attributed to the formation of an
electrically benign Culnz(Se,S)s layer, which is in agreement
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Fig. 2. Concentration profiles of (a) S, (b) Se, (c) Na, and (d) Cu/In ratio of

CISSe absorbers (after treatment with 10% HCI for removing CdS/i-ZnO/AZO
top layers) measured by GDOES. The x-axis is normalized to 100% absorber
thickness.

Fig.3. Cross-sectional SEM images of CISSe devices with absorbers annealed
in different conditions. (a) L-CISSe. (b) H-CISSe. (¢) HS-CISSe.

with the Raman results [see Fig. 1(c)]. The surface defects are
passivated by S atoms, and simultaneously, absorbers with a
S-rich surface have a wider bandgap and a lower VBM lead-
ing to the formation of a hole barrier [21], [23]. Therefore,
carrier recombination can be reduced, and carrier separation
becomes more efficient [1], [6], [23]. Compared to the HS-
CISSe absorber, the L-CISSe and the H-CISSe exhibit a higher
Na concentration (>0.01% molar concentration) near the front
surface [see Fig. 2(c)]. Furthermore, the Na concentration of
the L-CISSe absorber is significantly higher than that of the
H-CISSe absorber (>0.02% molar concentration). No matter
if the CISSe absorbers are fabricated in pure Se or in Se and
S condition, they exhibit a Cu-poor surface (Cu/In < 1) [see
Fig. 2(d)]. The Cu/In ratios at the rear interface of the CISSe
absorbers are higher for annealing in a high rather than in a low
content of chalcogens. The decrease in Cu/In ratio near the front
surface can be ascribed to the formation of a Cu-poor surface
(4], [10], [29].

Cross-sectional SEM images of CISSe solar cells fabricated
under different annealing conditions are shown in Fig. 3. When
the precursor films are subject to annealing in pure Se, a large
grain size (200 nm) is observed for the L-CISSe absorber [see
Fig. 3(a)]. However, some cracks (penetrating the absorber
layer) are observed in the L-CISSe. Compared to the L-CISSe
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Fig. 4. (a) J-V curves, (b) dV/dJ as a function of 1/(J + Jsc) with a linear
fit to extract R, from the y-intercept and A from the slope; taken of the best
CISSe solar cell from different annealing conditions. Statistical distribution of
(c) open circuit voltage Vi, and short circuit current density jsc, and (d) FF and
efficiency derived from 12 devices for each annealing condition.

TABLE I
PV PERFORMANCE PARAMETERS AVERAGED OVER 12 SUBCELLS AND THE
BEST CISSE DEVICE FROM DIFFERENT ANNEALING CONDITIONS

Efficiency Ve Jise FF
Sample )
(%) (mV) (mA/cm”) (%)
7.5 410.1 314 58.4
L-CISSe
7.3+0.2 417.2+6.0 30.0+0.8 58.1+1.2
8.6 460.0 29.0 64.2
H-CISSe
7.5+£0.5 435.0+15.6 28.5+0.8 60.9+2.3
10.4 601.2 25.5 68.0
HS-CISSe
9.4+0.6 586.0+12.4 25.6+0.8 65.0+3.3

absorber, the H-CISSe absorber appears less dense with voids
and consists of a large-grained (150-nm grain size) top layer
and a fine grained (50-nm grain size) at the bottom layer [see
Fig. 3(b)]. It is reported that the incorporation of alkali elements
is beneficial for forming large CIGSe grains [23], [24]. Smaller
CISSe grains in the H-CISSe absorber may be explained by a
lower amount of Na diffusing from the SLG substrate owing
to the high selenium pressure [see Fig. 2(c)]. The HS-CISSe
absorber consists of large CISSe grains (larger than the L-CISSe
and the H-CISSe). The S will diffuse quickly along the grain
boundaries and promote the formation of large grains toward
the rear side [28].

Fig. 4(a) presents the current—voltage (J-V) curves of the best
CISSe solar cells from various annealing conditions, and the
corresponding photovoltaic (PV) parameters are summarized
in Table I. The highest efficiencies of L-CISSe and H-CISSe

TABLE II
ELECTRICAL PROPERTIES OF THE BEST CISSE SOLAR CELLS FROM DIFFERENT
ANNEALING CONDITIONS

R Ry Jo
Sample ) A
(Q cm?) (Q cm?) (mA/cm?)
L-CISSe 0.48 240.96 2.01 1.58x107
H-CISSe 0.73 507.61 1.77 1.09x107
HS-CISSe 0.77 657.89 1.76 6.77x107

devices are 7.5% and 8.6%, respectively, indicating that increas-
ing the Se content is beneficial for the efficiency improvement.
S incorporation is beneficial to further improve the solar cell
performance, and the highest efficiency of the HS-CISSe devices
is 10.4%. The efficiency improvement by incorporation of S
during the annealing is mainly a result of enhanced open circuit
voltage (V) and fill factor (FF) [see Table I and Fig. 4(c) and
(D] [21], [22], [27], [30]. The V. values of HS-CISSe increase
by 141.2 mV compared to those of H-CISSe. Furthermore, the
HS-CISSe device shows an improvement in FF by 3.8%. The
improvement in V,. and FF can be attributed to two possible
reasons as follows. 1) A high S concentration in the absorber
[see Fig. 2(a)] resulting in a wider bandgap. 2) A related bet-
ter crystallinity characterized by large CISSe grains and few
grain boundaries [see Fig. 3(c)]. However, the values of short
circuit current density js. for the HS-CISSe device decrease by
3.5 mA/cm? compared to the H-CISSe device, which is caused
by a wider bandgap owing to a higher S concentration in the ab-
sorbers [see Fig. 2(a)] [22], [23]. The plots of dV/dJ versus 1/(J +
Jsc) are used to calculate the series resistance R and the ideality
factor A of the devices [see Fig. 4(b) and Table I]. The H-CISSe
device exhibits a larger R, (0.73 Q2 cm?) value than the L-CISSe
one (0.48 2 cm?), and then R; further increases to 0.77 ) cm?
for the HS-CISSe. The shunt resistance (Rg,) shows a similar
trend with R, and the maximum Ry}, is obtained for HS-CISSe
(see Table II), confirming that the shunt path is passivated and
the bulk recombination is reduced [21]. A possible reason may
be a passivated shunt path by S incorporation so that a higher FF
is achieved for the HS-CISSe rather than the L-CISSe and the
H-CISSe [4],[21], [31]. The ideality factor (A) and the saturation
current density (jy) present an opposite trend to Rs and Rgy,. The
smallest A and j are observed for the HS-CISSe, indicating that
HS-CISSe has the best p-n junction quality and the smallest bulk
recombination amongst these devices. Compared to L-CISSe,
the smaller A value of the H- and HS-CISSe can be attributed
to two reasons as follows. 1) An electrical benign ODC layer is
formed at the surface of Se and S-annealed CISSe absorbers (see
Fig. 1) [10], [11]. 2) A low content of Na on the surface of Se
and S-annealed CISSe absorbers, which promotes the formation
of beneficial CdCu donor defects during the CdS CBD process
[24]. These results prove that the S incorporation has significant
positive effects on the CISSe solar cells.

Fig. 4(c)—(d) shows the statistical distributions of the PV
parameters for the CISSe solar cells (12 CISSe subcells) with
the absorbers obtained from different annealing conditions. A
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general improvement of V., FF, and efficiency is observed
for the CISSe absorbers with increasing Se content and further
with incorporating S in the annealing process. On the contrary,
Jsc presents an opposite trend. As discussed previously, both
the increase of Se content and the introduction of S during the
high-temperature annealing process will enhance the S content
of the CISSe absorbers [see Fig. 2(a)]. A high content of
Se can increase the S content because the higher annealing
pressure suppresses the S volatilization (from the precursor
solution). Therefore, the corresponding CISSe absorbers have
larger bandgap (E,) values, resulting in the js. reduction and
Voo improvement [see Fig. 5(a)]. In summary, it is demonstrated
that S incorporation is an effective strategy for improving the PV
parameters of CISSe solar cells.

The EQE spectra shown in Fig. 5(a) are used to research the
optical response of the CISSe solar cells fabricated under various
annealing conditions. The EQE curves of these solar cells are
highly similar at short wavelengths (300-500 nm), originating
from the identical CdS/i-ZnO/AZO top layers of the CISSe solar
cells [2], [21]. The L-CISSe solar cell has a higher EQE response
than the H-CISSe and the HS-CISSe solar cells, which can be
attributed to the lower S content of the L-CISSe. Compared to the
H-CISSe, an increase in the EQE curve is observed in the region
of 410-870 nm for HS-CISSe. These higher spectral responses
can be attributed to a decrease in recombination caused by the
passivation of shunt paths after increasing the S concentration
and related higher collection efficiency (larger Ry, and smaller
Jjo, see Table 1) [4], [23]. However, the HS-CISSe solar cell has
alower EQE in the long-wavelength region (above 870 nm) than
H-CISSe solar cell, which can be attributed to the larger bandgap
energy (E,) of the CISSe absorber with a higher S content. This
is confirmed in Fig. 5(a), where the £, values are calculated from
the EQE curves (see Table IIT). Among these CISSe absorbers,
the widest g, (1.161 eV) is observed for the HS-CISSe film
owing to the highest S concentration in the absorber (see Fig. 2).

The apparent carrier density (N 4) and the depletion region
width (W) can be extracted from the capacitance—voltage (C-
V) profiles at 0 V bias voltage at room temperature and are
presented in Fig. 5(b). N4 rises with increasing the Se content
for annealing, and further with incorporating S. In close correla-
tion, the W, values present a reverse trend to N 4. Therefore,
the best efficient HS-CISSe device displays the largest N4
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TABLE III
ELECTRICAL PARAMETERS EXTRACTED FROM EQE AND CV MEASUREMENTS
OF THE BEST CISSE SOLAR CELLS FABRICATED FROM VARIOUS ANNEALING

CONDITIONS
E, Ny x 10 Wq Voe.der Eq En Dy
Sample
(eV) (cm?) (nmm) (mV) (eV) (eV) (eV)
L-CISSe 1.006 0.99 3140 5959 1.053 0.803 0.250
H-CISSe 1.055 1.80 306.5 595.0 1.012 0.771 0.241
HS-CISSe  1.161 1.87 2833 559.8 1.229 0966 0.263
4 12 Ey (V) Egy(eV))
* = L-CISSe 1.053 0.803
620 A H-CISSe 1.012 0.771
* 1.0 HS-CISSe  1.229 0.966
ésoo 4 %
T %; ! ¢ Z o8
LE580 > §
560 :’ 06
0.4
L-CISSe H-CISSe HS-CISSe 0 50 100 150 200 250 300
Temperature (K)
(a) (b)

Fig. 6.  Statistical distribution of V. deficit Vo det derived from measure-
ments of 12 CISSe devices. (b) Temperature dependent open circuit voltage of
the CISSe solar cells from different annealing conditions.

(1.87 x 10'® cm™3) and the smallest Wy (283.3 nm) [see
Fig. 5(b) and Table III]. Compared to the H-CISSe absorber,
the HS-CISSe absorber consists of large grains with fewer grain
boundaries (see Fig. 3). Compared to L-CISSe and H-CISSe,
the HS-CISSe device presents a larger Ry, and a smaller jg, in-
dicating a reduction of the bulk recombination in the HS-CISSe
(larger Ry, and smaller j,, see Table II). In addition, the Cd>*
will bond with S>~ to form CdS owing to the low solubility
product (Kg, = 1072794), indicating that the Cd** is depleted
by S?~ during the CBD process, leading to a narrower Wy and
a larger N4 in HS-CISSe solar cells [27], [32], [33], [34].

Looking at the V.. deficit (Vicqer) calculated from
Voc,det = Eglq - Vo, where ¢ is the elementary charge, we
can observe that the H-CISSe devices present a higher V¢ gef
than the L-CISSe and the HS-CISSe devices [see Fig. 6(a)],
which can be attributed to the voids in the H-CISSe absorber
(see Fig. 2). Bulk absorber quality and interface losses are the
main factors of influence for V¢ qer in CIGSSe-based solar cells
[35], [36]. The significantly higher Na content in the L-CISSe
compared to the H-CISSe absorber (see Fig. 2) can passivate
the grain boundaries and reduce the density of interface-related
shallow defects [35], [36], [37]. Even though the HS-CISSe
absorber exhibits a smaller Na than the H-CISSe absorber (see
Fig. 2), ahigher S content in HS-CISSe cannot only passivate the
grain boundaries but also minimize the interface recombination
by forming an n-type conversion layer on the surface [17],
[38]. Simultaneously, the smaller Na content on the surface
of the HS-CISSe absorber is beneficial for the formation of a
higher quality p-n junction (see also the smaller ideality factor,
Table II) [24].
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There are two recombination paths in any solar cell: inter-
face recombination and bulk recombination [6]. Temperature-
dependent open-circuit voltage (IVT) profiling is an impor-
tant electrical characterization method for thin-film solar cell
research in order to determine the dominant recombination
mechanism. The relationship between V,,. and temperature (T)
follows the following formula [15], [29], [31]:

Voe = Eo/q=(AKT /q) * In (joo/jsc)

where E , is the activation energy of the dominant recombination
mechanism, A is the diode ideality factor, k is the Boltzmann
constant, jp is the reverse saturation current density, and jg. is
the short circuit current density. The activation energy can be
extracted from the IVT profile by linear extrapolation of V.
to T = 0 K. The interpolated V(T) curves and extracted E,;
values extracted from fitting in the high-temperature regime of
230-300 K are given in Fig. 6. Subtraction from the bandgaps
obtained from the EQE curves shown in Fig. 5(a), results in
0.047, 0.043, and 0.068 eV for L-CISSe, H-CISSe, and HS-
CISSe, respectively. These results of E, - E,; being very small
indicates that the dominant recombination occurs in the absorber
bulk rather than at the interface [6], [15]. Even though the bulk
recombination is dominant in the HS-CISSe device, the increase
in the difference between the £, and E,; values indicates that the
interface recombination in HS-CISSe is slightly more serious
than for the other cases. An explanation may be found in the
significantly higher S concentration at the rear interface leading
to a slightly higher back barrier height (slight increase in R;).

The activation energy values extrapolated in the low-
temperature range (E,2) are extracted from the IVT profiles
between 180-210 K. The height of the back contact barrier (@ p)
can be calculated as the difference between the E,; and the E ;5
values: @p = E, 1—E,> [39], [40], [41]. The smallest ® 3 is
observed for the H-CISSe device (0.241 eV) compared to for
L-CISSe (0.250 eV) and HS-CISSe (0.263 eV), which can be
attributed to the formation of an electrical beneficial Mo(S,Se)2
layer [see Fig. 1(c)] [32]. The slight increase in ® 5 of HS-CISSe
does not significantly affect the PV performances. All in all, the
Se and S co-annealing presents positive effects on the CISSe
solar cell performance.

IV. CONCLUSION

In this article, additional S is introduced to solution-processed
submicron CISSe absorbers during the annealing process to
improve the PV performances. The corresponding HS-CISSe ab-
sorber presents larger CISSe grains than L-CISSe and H-CISSe
with low and high selenium-only content for annealing. As a
result, 10.44% efficiency is achieved for the HS-CISSe solar
cells with a significantly high V,. value of 601.2 mV. Simul-
taneously, the highest efficient HS-CISSe solar cell exhibits a
significant reduction in Vi ger. Furthermore, the addition of
S does not change the dominant recombination mechanism.
Yet, the HS-CISSe devices exhibit a higher back contact barrier
than H-CISSe devices, leading to smaller js.. In sum, however,
the incorporation of S for annealing turns out beneficial. This
S incorporation strategy can also be relevant for the research

of other thin film chalcogenide solar cells, including but not
limited to Cu(In,Ga)(S,Se),, CusZnSn(S,Se),, Sbo(S,Se)s, and
AgBi(S,Se)s.
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