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Polycrystalline CulnS, chalcopyrite thin films were formed on a Mo-coated glass substrate by annealing
of spray deposited precursor films in a sulfur atmosphere. Structural and photoelectrochemical analyses
of Culn5; films obtained by annealing at 500 °C and 600 °C revealed that a well-defined crystalline film
was obtained by the 600 °C annealing. Owing to these favorable properties, the solar cell with an
AlLZnO/CdS/CIS/Mo/glass structure based on the 600 °C annealed CulnS; film showed higher
conversion efficiency than that obtained on the cell derived from the 500 °C annealed CulnS;. Partial
incorporation of Ga in the CulnS; film with a Ga/In ratio of ca. 0.2 to form a Cu(ln,Ga)S; mixed crystal
without any reduction of photoelectrochemical properties can be achieved by introduction of a Ga
source in the sprayed solution. As a result, the solar cell based on the 600 "C annealed Cu(ln,Ga)s; film
showed the best conversion efficiency (5.8%) of the present sprayed chalcopyrite films. By introduction
of a CdS thin layer followed by loading Pt deposits, moreover, the 600 °C annealed Cu(In,Ga)s; film
worked as a photocathode for photoelectrochemical water splitting with applied bias potential of
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Introduction

Copper-based chalcogenide semiconductors have been the focus
of intense investigation as photoabsorber layers in thin film solar
cells. Among them, CulnS, (CIS) is one of the most important
erials due to its high absorption coefficient of more than
10" em ' and optimum band gap energy (E;) of 1.5 eV unlight
absorption.'” Although the current record energy conversion
efficiency of the CIS-based solar cell (12.5%)® is lower than that
of the analogous Se-based compound, Cu(In,Ga)Se, (20.3%)," the
use of CIS is advantageous because it does not require the
addition of highly toxic Se, leading to realizing simple deposition
apparatus and techniques to obtain high-quality films. Moreover,
the fact that the partial replacement of In in CIS with isovalent Ga
has shown to improve conversion efficiency up to 13%” suggests
latent abilities of CIS-based sulfide films for substituents of
existing selenide-based thin film solar cells.
Recently, many researchers have reported the possible
applicability of Cu-based chalcogenides as p-type photocathodes
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for photoelectrochemical (PEC) water splitting because of their
appropriate band levels for water reduction and long-term
stabilities confirmed in a solar cell application. In the PEC
water splitting, it has been proved that introduction of n-type
compounds to form p-n junction further improved their properties.
Yokoyama et al. demonstrated appreciable improvements of PEC
properties of Cu(In,Ga)Se, and Cu,ZnSnS, photocathodes by
formation of a heterojunction using n-type Cds and Ti0,.%”
For the CIS-based PEC water splitting, we have also obtained a
significant increase in the PEC response by introduction of pn
junction using CdS and ZnS thin layers.®

Most of the efficient CIS-based solar cells were prepared by
sputtering of Cu or In metallic precursor films followed
by sulfurization with either H,S or elemental sulfur.’** This
two-stage process is rather simple when compared to the
fabrication of Cu(In,Ga)Se;, which requires a sophisticated
high-vacuum evaporation technique.*"™* However, it should
be fairly advantageous that reliable anaﬁcient solar cells
based on the CIS absorber are prepared by n uum processes
instead of the expensive vacuum techniqu ‘.)g:ng a variety of
non-vacuum processes, spray pyrolysis is an attractive method
because @Qits easiness to deposit the CIS film in a large area.’®*”
Besides, composition of the films could be controlled effectively
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by varying the concentration of the constituents in the spray
solution: as a result, films with a wide range of composition can
be prepared, unlike in any other deposition processes. These
characteristic features motivated us to develop a fabrication
process of the CIS thin film by the spray pyrolysis method. In
this study, we attempted to fabricate efficient CIS-based solar
cells and PEC water splitting systems. Specifically, effects of Ga
incorporation on structural properties related to photovoltaic
and PEC performances are discussed.

Experimental

An 1.5 em® aqueous solution containing 0.09 mmol dm™*

Cu(NO;);, 0.1 mmol dm™ In(NO,);, and 0.8 mmol dm™?
thiourea (SC(NH,),) was sprayed using an N, carrier. Deposition
of CIS films was performed on a Mo-coated glass (Mo/glass)
substrate heated at 300 “C by using an AS ONE SLK1 hot plate.
Prior to deposition, the Mo/glass substrate was precleaned by
sonication in acetone and ultrapure water. The spray rate was
fixed at 0.75 cm” min~" by using a FUSO SEIKI Lumina STS-10SK
atomizer. Thus-obtained CIS film composed from aggregates of
fine particles (CIS_ad) was placed with 5.0 mg elemental sulfur
in an evacuated Pyrex ampoule (eca. 160 em®) and annealed
at 500 or 600 “C for 10 min to facilitate crystallization; the
thus-formed polycrystalline CIS films were labeled CIS_500 and
CIS_600, respectively. For fabrication of the Ga-containing CIS
film (Ga:CIS), a precursor solution containing 0.09 mmol dm*
Cu(NO;),, 0.08 mmol dm*® In(NO;);, 0.02 mmol dm*
Ga(NO;);, and 10 mmol dm™* thiourea (SC(NH,),) was used,
ie, 20% of In(NO;); was replaced with Ga(NO;);. The sprayed
Ga:CIS film (Ga:CIS_ad) was then annealed in the above sulfur
containing Pyrex ampoule at 600 “C for 10 min (labeled
Ga:CIS_600).

Crystal structures of the films were analyzed by X-ray
diffraction (XRD) using a Rigaku MiniF@X—ray diffractometer
(CuKx, Ni filter). Morphologies of the films was studied with
scanning electron microscopy (SEM), using a Hitachi S-5000
FEG field emission scanning electron microscope at a voltage of
20 kv. Atomic compositions were analyzed by energy-diffuse
X-ray (EDX]) analysis using a Hitachi $-2250N EDX analyzgms

PEC properties of CIS and Ga:CIS films were measured In an
aqueous solution containing 0.1 mol dm ™ Eu(NO;); as an
electron scavenging electrolyte at pH 4.*>" A Pyrex electrolytic
cell having a flat window was used. Photocurrent responses of
these films were measured under potentiostatic control using a
three-electrode system with a Pt wire counter electrode and an
Ag/AgCl reference electrode. Transient photocurrents were
obtained by chopped illumination from a 300 W xenon lamp.
Photocurrent onset potentials of CIS and Ga:CIS films were also
determined by measuring transient photocurrents using
the lock-in technique under 600 nm of monochromatic light
illumination. All the photoelectrochemical measurements were
performed under N, purging.

For the evaluation of solar cell properties, CIS and Ga:CIS
films were processed to compl ith an Al:ZnO/CdS/CIS({or
Ga:CIS)/Mo/glass structure. The CdS buffer layer was deposited
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by a chemical bath depggion (CBD).>' Then a transparent
conductive oxide (TCO) layer of Al-doped ZnO (ALZnO) was
deposited on the CdS surface by radio-frequency (RF)-mag n
sputtering. Current density-voltage (/-V) characteristics under
simulated AM1.5 irradiation (100 mW cm™*) were measured
with a Bunkoh-Keiki CEP-015 photovoltaic measurement system.

For the PEC water splitting, CIS and Ga:CIS films were also
modified with the CdS buffer layer by using the CBD method.
Then platinum was photoelectrochemically deposited on the
surface of these CdS-modified films in order to promote the
hydrogen generation reaction. These modified films and RuO,
counter electrode wplaced within 1 em of each other (no
reference electrode) in 0.1 mol dm™?* aqueous Na,S0, solution
with pH adjusted to 13 using NaOH. Photoirradiation was
performed using a 300 W xenon lamp.

Results and discussion

Fig. 1 shows XRD patterns of CIS_ad, CIS_500, CIS_600 and
Ga:CIS_600 films. While the XRD pattern of the CIS_ad film
showed almost no reflection except for a reflection of the Mo
substrate (Fig. 1a), CIS_500 and CIS_600 films showed typical
diffraction peaks assignable to the chalcopyrite CIS crystal, as
shown in Fig. 1b and c.**** Relatively intense and sharp peaks
observed on CIS_600 compared to those of GIS_500 indicates a
high degree of crystalline nature of the CIS_600 film. The
Ga:CIS_600 film also showed the same diffraction pattern
assigned to the chalcopyrite structure, whereas each peak was
slightly shifted to higher 26 degrees than that of CIS_500 and
CIS_600 films (Fig. 1d). From the fact that there are no other
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Fig. 1 X-ray diffraction patterns of (a) CIS_ad, (b) CIS_500, (c) QIS_600, and
(d) Ga:CIS_600 films grown on a Mo/glass substrate. Diamond denotes
diffraction peaks derived from the bottom Mo substrate,
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crystalline phases included in any of the sample, the observed
shifts of the XRD patterns are clear indications of the partial
replacement of In with isovalent Ga to form a mixed erystal.

Fig. 2 shows cross-sectional SEM images of CIS_ad and
annealed CIS and Ga:CIS films. The CIS_ad film showed a flat
layer composed from aggregates of fine particles homogeneously
laid up on the surface of the Mo substrate (Fig. 2a). The annealing
induced crystalline growth to form micron-sized grains. It is clear
that the angular-shaped CIS grain became larger upon increases
in the annealing temperature, as shown in Fig. 2b and c.
The Ga:CIS_600 film also indicated the formation of large micro-
crystallites equivalent to the CIS_600 film, implying almost
the similar topologies between these 600 “C annealed films
irrespective of their compositional differences. In addition, bot-
tom Mo layers of annealed samples formed a horizontal boundary
line: the upper part of this line showed disappearance of typical
columnar structure of Mo layer, implying the formation of a MoS,
layer during sulfur-annealing.

As determined from EDX analyses, the atomic composition
of CIS_ad was almost stoichiometric (i e., Cu/In/S = 1/1/2), while
the composition ratio of the used precursor solution was in
a slightly Cu-poor and a largely sulfur-rich from th eal
composition (Le., Cu/lIn/S = 0.9/1/8). The difference In the
Cu/In ratio between the precursor solution and the CIS_ad film
might be due to partial evaporation or blowoff of the In
component during the spray deposition as discussed in the
literature.>* Similarly, the repletion of evaporation loss during
the spray deposition should be considered for the sulfur source
of thiourea used in this study. Moreover, thiourea has a
function of a reduction reagent of divalent Cu ion into mono-
valent Cu to be included in the CIS film, resulting in the
requirement of largely excess amounts of sulfur elements in
the precursor solution. It is noted that there is no significant
alteration of the Cu/In/S ratio observed in annealed CIS_500
and CIS_600 films, indicating homogeneous distribution of
these three elements in CIS_ad. The requirement of the sulfur
vapor during the 500 “C or 600 “C annealing is likely to be the
suppression of sulfur evaporation from the film. The Ga:CIS
film also provided similar tendencies, ie., the Cu/(In + Ga)/S
(I1I/VI) ratio was almost stoichiometrie regardless of the Cu poor/
sulfur-rich composition of the precursor solution and almost the
same composition was confirmed on the Ga:CIS_600 film. In
addition, Ga content corresponding to In content in Ga:CIS_ad
and Ga:CIS-600 films did not change from the precursor solution
(Ga/In = 0.2), implying similar evaporation/blowoff behaviors
between these elements during the spray deposition.

Fig. 3 shows typical linear sweep voltammetry (LSV) plots of
CIS and Ga:CIS films measured in an aqueous Eu(NO;),
solution under chopped illumination from a 300 W xenon
lamp. While the CIS_ad film showed little photoresponse, all
the annealed films gave appreciable cathodic photocurrents,
indicating the p-type semiconductive features of these films
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Fig. 2 Cross-sectional SEM images of (a) CIS_ad, (b) CIS_500, (c) CIS_&00, and
(d) Ga:CIS_600 films.

Among these annealed CIS films, CIS_600 showed slightly
larger photocurrent than that of the CIS_500 film. The
Ga:CIS_600 film induced comparable photocurrent response
with that of the CIS_600 film in the present reaction condition.

This joumnal is @ The Royal Society of Chemistry 2013

As shown in Fig. 4, corresponding photocurrent-potential
curves of the CIS_600 and Ga:CIS_s00 films measured under
monochromatie light illumination (600 nm) using the lock-in
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Fig. 3 LSV plots of (a) CIS_ad, (b) C15_500, (¢) CI5_600, and (d) Ga:CIS_&00 films
in 0.1 mol dm™ europium nitrate under chopped illumination from a xenon
lamp.
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Fig. 4 Fhotocurrent-potential curves of (a) CIS_600 and (b) Ga:CIS_600 films in
0.1 mol dm™® europium nitrate measured under monochromatic light illumina-
tion (600 nim) using the lock-in technigue.

technique indicate similar photocurrent onset of ca. —0.05 V
(vs. Ag/AgCl). Assuming that both of the films have similar
doping densities and that onsets of the present p-type semi-
conductors occurred at potentials of ca. 0.2 V more negative
than flat band pote s (Epgs),"*" Eggs of both CIS_600 and
Ga:CIS_600 lie at ca. 0.15 V (vs. AgfAgCl).

Fig. 5 shows J-V curves of CIS- and Ga:CIS-based solar cells
with a device structure of Al:Zn0O/CdS/CIS(or Ga:CIS)/Mo/glass.
Cell parameters obtained from these j-V curves are summarized
in Table 1. As expected from the above PEC experiment, the cell
made from the CIS_ad film exhibited almost no diode character-
istics, whereas solar cells based on annealed CIS and Ga:CIS

films exhibited solar cell performances. A clear dependence of

annealing temperature of the CIS film on solar cell bserved:
the cell based on the CIS_600 film showed larger open eircuit
voltage (Vo) and short cireuit current (Jsc) than those of the cell
based on the CIS_500 film. This resulted in achieving higher
conversion efficiency () of the former solar cell (5.1%) than that
of the latter solar cell (3.5%). Besides, the use of Ga:CIS_600 as
the alternative photoabsorber induced appreciable increases in
Vo while it led to lowering the Jg¢, due mainly to the enlarge-
ment of E; by the partial Ga incorporation (see below). It is noted

that the Ga:CIS_600-based cell showed 5.8% of 5, which is one of

the best values for the sprayed chalcopyrite solar cells with a
standard substrate configuration, though the CIS and Ga:CIS
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Fig. 5 J-V characteristics of AIZnO/CdS/CS(or Ga:CIS)/Mo/glass cells. These
cells were made from (a) CIS_500, (b) CIS_600, and () Ga:CIS_600 films.

solar cells prepared by other techniques have shown much
higher # values.** The appreciable improvement of fill factor
(FF) from 0.44-0.48 (for annealed CIS-based cells) to 0.54 (for the

This journal is @ The Royal Society of Chemistry 2013
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Table 1 Sclar cell parameters obtained from illuminated J-V curves shown in
Fig. 5

Photoabsorber Jsc® fmA cm Vot IV FF(%) i (%)
CIS_500 15.8 0.52 0.48 3.5
CIS_600 18.1 0.59 048 5.1
aaalCIS_600 14.6 0.73 0.54 5.8

?Short-circuit current density. * Open circuit voltage. © Fill factor.
4 Conversion efficiency.

Ga:CIS_600-based cell) should be the main cause such as a
high # value on the cell, even though it composed of a relatively
wide-gap photoabsorber.

Fig. 6 shows external quantum efficiency (EQE) spectra of
the CIS_600- and Ga:CIS_600-based cells in wavelength ranging
from 300 nm to 1000 nm. Both of the EQE spectra increase
gradually from the onset at ca. 350 nm to ca. 450 nm, steeply
rising to ca. 520 nm, and then declining gradually to certain
wavelengths (ca. 770 nm for the CIS_600-based cell and
ca. 700 nm for the Ga:CIS_600-based cell). The reduction
of EQE response in the short wavelength region is due to
absorption losses in the window (ALZnO) and buffer (CdS)
layers. On the other hand, the gradual weakening of EQE
responses in relatively long wavelength regions indicates a
loss of deeply absorbed photons due to poor minority carrier
diffusion length and/or insufficient penetration of depletion
width into the absorber.*®*” Such a failure would be caused by
a high majority carrier concentration of the photoabsorbers,
ie., defect densities present in CIS_600 and Ga:CIS_600 films
are in excess from an optimum amount.

The EQE spectrum of the Ga:CIS_600-based cell showed
appreciable blue-shift of the onset wavelength due to the
enlargement of E; by the partial replacement of In with Ga:
the CIS-based cell showed the EQE onset at 860 nm, which
corresponded to the reported E, value of CIS (1.48 eVv),'?
whereas the Ga:CIS_600-based cell gave the 780 nm onset
corresponding to 1.68 of E,. Since E, of the pure Ga analogue

0.8+
0.6 (a)
§ 0.4 (b)
0.2
0 —— S
300 500 700 900

wavelength / nm

Fig. 6 External guantum efficency (EQE) spectra of (a) CIS_600- and (b)
Ga C1S_600-based solar cells.
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(ie., CuGaS,) is known to be 2.43 eV,*® the E, value of Ga:CIS
with 20% Ga content along with that of In can be estimated to
be 1.69 eV when a linear increase of E; with the Ga content
in Ga:CIS from zero (CIS) to 100% (CuGaS,) is assumed.
The value also coincides well with the E, value of the present
Ga:CIS_600 film.

PEC water splitting was performed by using CdS-modified
CIS_600 and Ga:CIS_600 films as photocathodes and a RuO,
counter electrode (with no reference). It should be noted that
platinum nanoparticles were photoelectrochemically deposited
on these modified CIS_600 and Ga:CIS_600 films in order to
induce efficient hydrogen production. Typical photocurrent-bias
voltage curves thus-obtained are shown in Fig. 7a and b. For
comparison, the current-bias voltage curve of water electrolysis
using a Pt cathode and the RuO; counter electrode (anode) is also
shown in this figure (dotted line). The onset bias voltage of the
water electrolysis was ca. 1.5 V in the present electrochemical
setup. Since the water reduction on the Pt cathode should occur
without appreciable overpotential, the requirement of excess bias
potential compared to the thermodynamic demand (1.23 V) is
likely to be due to the overpotential of water oxidation on the
RuO, anode. In comparison with the onset of water electrolysis,
the onset bias voltage significantly reduced when the modified
CIS_600 photocathode was used, Le., PEC water splitting induced
by applving bias potentials of more than 0.80 V (Fig. 7a). More-
over, further reduction of the required bias potential (> 0.65 V)
achieved when the modified Ga:CIS_600 was employed as the
photocathode, as shown in Fig. 7b.

The above solar cell and PEC water splitting properties
suggest that there seems to be a reciprocal relationship
between the Vi values of the solar cell and the required bias
voltages of the PEC water splitting. In order to construct a “non-
bias™ PEC water splitting system by the combination of photo-
anodes which evolve oxygen and photocathodes which evolve

0.2 mA cm™

T
0.5

bias | V

Fig. 7 Fhotocurrent-bias voltage curves of (a) CI5_600 and (b) Ga:CIS_600
films modified with CdS buffer layer and Pt deposits. Dotted line denotes the
cutrent-potential curve of water electrolysis using a Pt cathode.
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hydrogen,*” the reduction of bias voltage of each photoelec-
trode is important. Thus, the development of the Cu-chalco-
genide-based solar cell with high Voc is desirable for PEC water
splitting. Further studies along this line are now in progress.

Conclusions

In this study, we have proved possible fabrication of CIS- and
Ga:CIS-based solar cells by using a facile non-vacuum technique,
spray pyrolysis. The conversion efficiencies on these cells achieved
a high level among the chalcopyrite solar cells fabricated by spray
methods. By using the p-n junction formation in solar cell
technology, moreover, we can demonstrate PEC water splitting
whilst applying relatively low bias potentials, specifically on the
Ga:ClIS-based photocathode. Since the present spray pyrolysis is
advantageous for the survey of new materials, we can expect to
find efficient p-n junctions for induction of PEC water splitting
with relatively low overpotentials by using this technique.
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