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a  b  s  t  r  a  c  t

In2S3 as  a semiconductor  sensitizer  has  the  advantage  of non-toxicity,  good  stability  and  high  carrier
mobility.  In  this  paper,  In2S3 sensitized  solar  cells  were  firstly  prepared  by  a  low  cost  chemical  bath
deposition  methodology  and then  fully  characterized  by X-ray  diffraction,  scanning  electron  microscopy,
transmission  electron  microscopy  and  X-ray  photoelectron  spectroscopy.  The  ZnS  passivation  layer  mod-
vailable online 12 March 2014
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uantum dot

ified the  In2S3 sensitized  TiO2 photoanodes  and  resulted  into  enhanced  Jsc and  FF  but  a  lowered  Voc

compared  with  the  original  solar  cell  under  AM1.5,  1  sun.  More  importantly,  we  have enhanced  all  FF,
Jsc and  Voc when  amorphous  Y2O3 was used  to passivate  the  In2S3 sensitized  solar  cells,  achieving  the
highest FF  of  65% among  the  reported  similar  solar  cells.
olar cell
assivation layer

. Introduction

Dye-sensitized solar cells (DSCs) have been paid much atten-
ion in the past decades because of their low cost, relatively high
fficiency and prosperous application future. The power conver-
ion efficiency around 11.4% has been achieved using ruthenium
omplex as sensitizer together with I−/I3− redox electrolyte of
SCs [1]. Porphyrin sensitized solar cells with Co(II–III) based redox
lectrolyte has reached 12.3% power conversion efficiency [2].
ery recently inorganic semiconductor quantum dots (QDs) which
bsorb light in the visible region, such as CdS [3,4], CdSe [5,6], InP
7], and Sb2S3 [8], have been used as sensitizers instead of organic
ye in DSCs. QDs have strong absorption with high molar extinction
oefficient than organic sensitizers. Further due to the quantum size
ffects, the absorption spectrum of QDs can be tuned by simply con-

rolling the QDs’ sizes or shapes. By using these unique advantages,
he maximum theoretical power conversion efficiency of quantum
ot sensitized solar cells (QDSSCs) is expected to be much higher
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than the DSCs [9], although the current benchmark work represents
a very moderate efficiency.

In the majority of QDSSCs, the QD sensitizers employ toxic ele-
ments such as cadmium, lead, and arsenic, etc. [3,7,10] and there is
a practical need to develop low toxic QD sensitizers. In2S3, a typ-
ical III–VI group sulfide, exists in three different structure forms:
˛-In2S3 (defect cubic structure), ˇ-In2S3 (defect spinel structure)
and �-In2S3 (layered hexagonal structure). In fact, ˇ-In2S3 is a well
n-type photoactive semiconductor with a direct band gap about
2.0 eV, a relative large exciton Bohr radius approximately 34 nm
[11–13] and a high carrier mobility [14]. Therefore ˇ-In2S3 has been
investigated as an inorganic semiconductor sensitizer in QDSSCs
[15–17]. Arakawa et al. prepared In2S3 sensitized In2O3 solar cells
with sulfidation of In2O3 thin film electrodes under H2S atmo-
sphere [15], while George et al. prepared In2S3 sensitized TiO2 solar
cells using atomic layer deposition with indium acetylacetonate
(In(acac)3) and H2S as precursors [16]. In these efforts, the open
circuit photovoltage Voc is less than 0.3 V and the fill factor FF is
less than 40%. Gan et al. reported the fabrication of a TiO2–In2S3
core–shell nanorod array structure for QDSSCs and the In2S3 shell
layer was  prepared by using the low cost successive ionic layer
adsorption and reaction (SILAR) method. However, the best FF (46%)
of these devices is still low. Furthermore the reported Voc is very

modest as well therefore leading to a quite low energy conversion
efficiency (much less than 1%) [17].

In order to enhance the solar energy conversion efficiency, the
low Voc and FF have to be increased which are mainly due to
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ecombination of (i) electrons in TiO2 and hole in ˇ-In2S3 and (ii)
lectrons in TiO2 and the oxidized electrolyte. The strategy used in
he conventional DSCs to retard the recombination is to insert an
nsulation layer between TiO2 and dye, such as Al2O3 layer [18]. In
his paper, In2S3 sensitized solar cells were prepared by the robust
nd low cost chemical bath deposition (CBD) methodology. A ZnS
assivated layer was inserted between the In2S3 sensitized TiO2
hotoanodes and the electrolyte. Based on these results, a further
odified QDSSC, composing of amorphous Y2O3 shell passivated

he In2S3 sensitized TiO2 photoanodes was developed, which has
ot been reported previously. Interestingly, both cells represent
ery high Voc and FF. More importantly, a 65% FF has been achieved
n Y2O3 modified QDSSC, the highest value among similar QDSSCs
nd the Voc achieved is also 73% higher than the very recent reports
15,16].

. Experimental

.1. Preparation of In2S3 sensitized TiO2 photoanodes with
assivation layers

The colloidal TiO2 nanoparticles were prepared by hydrolysis
f titanium tetraisopropoxide as described elsewhere [19,20]. The
esoporous TiO2 photoanodes were obtained by screen printing

iO2 paste on FTO glass (TEC-15, LOF), then sintering at 450 ◦C for
0 min  in air. The TiO2 film thickness was around 10 �m,  which
as determined by a profilometer (XP-2, AMBIOS Technology Inc.,
SA). For In2S3 deposition, the mesoporous TiO2 photoanodes were

mmersed in a beaker containing a freshly prepared aqueous mix-
ure of 0.05 M InCl3 and 0.2 M thioacetamide. The beaker mouth
as sealed with the Parafilm® M laboratory film, then maintained

t 40 ◦C for 10 h in a thermostat water bath. After deposition, the
esoporous TiO2 photoanodes were washed with water and dried

n a vacuum drying chamber at room temperature. The ZnS pas-
ivation layer was prepared by SILAR process as described by Shen
t al. and exhibited similar thickness [21,22]. The TiO2/In2S3 film
as coated with Y2O3 passivation layer by dipping the film in

.1 M yttrium (III) acetate ethanol solution at room temperature for
0 min, followed by sintering at 400 ◦C for 5 min  in Ar atmosphere.

.2. QDSSC assembly

The platinized counter electrodes were prepared by spraying
2PtCl6 solution on FTO, followed by heating at 410 ◦C for 20 min

23]. The In2S3 sensitized TiO2 photoanodes and Pt counter elec-
rodes were assembled into a sandwich cell by heating with a
0 �m thermal adhesive film (Surlyn, DuPont). An I−/I3− redox
lectrolyte solution of 0.05 M I2, 0.1 M LiI, 0.6 M 1-propyl-2,3-
imethylimidazolium iodide (DMPII) in 3-methoxypropionitrile
as filled from a hole made on the counter electrode, which was

ater sealed by thermal adhesive film and a cover glass. The active
rea of QDSSC was 0.5 cm × 0.5 cm = 0.25 cm2 [24,25].

.3. Characterization and measurements

The structure and crystallinity of the sample were investi-
ated by X-ray diffraction (XRD, Rigaku, Japan). The composition
nd chemical state of TiO2/In2S3/Y2O3 film was confirmed by
-ray photoelectron spectroscopy (XPS, Thermo Electron Corp.,
SA). Scanning electron microscopy (SEM) was used to examine

he morphology of TiO2/In2S3 film (Sirion200, FEI, Netherlands)
nd the transmission electron microscopy (TEM) was operated to

bserve the crystallinity and arrangement of TiO2, In2S3 and Y2O3
JEOL-2010, Japan). The absorbance of In2S3 sensitized TiO2 film
as recorded on a UV–vis spectrophotometer (U-3900H, Hitachi,

apan). The current density–voltage (J–V) characteristics of the
Fig. 1. XRD patterns of (a) pure TiO2 nanoparticles, (b) TiO2/In2S3 film and (c) pure
In2S3 powder.

QDSSCs were measured under AM 1.5 (100 mW/cm2) illumination
which was  provided by a solar simulator (Oriel, USA), and recorded
using a Keithley model 2420 digital source meter (Keithley, USA).
Incident-photon-to-current efficiency (IPCE) curves were operated
with a QE/IPCE measurement kit (Newport, USA) using a 300 W Xe
lamp and a monochromator.

3. Results and discussion

3.1. Microstructure characterization of the In2S3 sensitized
photoanodes

The powder X-ray diffraction (XRD) patterns of pure TiO2
nanoparticles and In2S3 sensitized TiO2 nanoparticles were shown
in Fig. 1. It can be seen that the two samples show similar patterns
except some small peaks in the sample of In2S3 sensitized TiO2. In
order to identify these small peaks, the pure In2S3 particles were
prepared by the similar CBD method under the same condition. The
XRD patterns of the single In2S3 particles were matched with that
of cubic ˇ-In2S3 (JCPDS#65-0459), indicating these weak peaks in
the In2S3 sensitized TiO2 belong to ˇ-In2S3. Due to the relatively
low quantity, only the most intense peak were observed and the
peak width was  large. The peaks at 2� values of 27.6◦, 33.2◦ and
47.8◦ are attributed to the (3 1 1), (4 0 0) and (4 4 0) planes of ˇ-
In2S3, respectively. The Y2O3 was not observed in the XRD patterns
of Y2O3 coated TiO2/In2S3 film, either due to high dispersed Y2O3
or amorphous phase.

The scanning electron microscopy (SEM) images of In2S3 sen-
sitized TiO2 mesoporous films were shown in Fig. 2. Obviously,
although the porous structure of TiO2 film was remained after
the In2S3 deposition, the In2S3 coverage was relatively homoge-
nous and a flake form of In2S3 was also exhibited. After the
TiO2/In2S3 film was  coated with Y2O3 layer, there was  an appar-
ent change of surface morphology (Fig. 2b): the agglomeration
and rearrangement of adjacent isolated In2S3 grains lead to sur-
face smoothing of TiO2/In2S3 films [26]. The significant morphology
change was  due to the annealing process at 400 ◦C for 5 min which
is the last procedure during Y2O3 layer coating experiment. In fact,
it will exhibit almost the same surface morphology as Fig. 2b if the

TiO2/In2S3 film is only annealed at 400 ◦C for 5 min  without any
extra coating procedure.

In order to get more information on the morphology of Y2O3,
In2S3 sensitizer and their arrangement on TiO2 surface, the TEM



Y. Zhang et al. / Journal of Photochemistry and Photobiology A: Chemistry 281 (2014) 53–58 55

2/In2S

e
s
I
fi
o
s
s
r
w
T
a

Fig. 2. SEM images of (a) as-deposited TiO

xperiment was carried out. Fig. 3 shows the TEM image of In2S3
ensitized TiO2 film by CBD and Fig. 4 shows the HR-TEM image.
t can be seen that In2S3 is showing a nanosheet form on the TiO2
lm from the HR-TEM pattern, which is consistent with the results
f the SEM images. The thickness and length of In2S3 were mea-
ured about 3 nm and 20 nm,  respectively. The sizes of In2S3 are
maller than the Bohr radius (about 34 nm)  [11–13], so they can be
eferred to as QDs. The observed spacing between the lattice planes

as obtained as 2.70 Å for the (4 0 0) plane of �-In2S3. Around the

iO2 nanoparticles and In2S3, a clear amorphous Y2O3 layer with
 thickness of about 0.4 nm were observed and Y2O3 partially is

Fig. 3. TEM image of the Y2O3 coated TiO2/In2S3 films.

Fig. 4. HR-TEM image of the Y2O3 coated TiO2/In2S3 film.
3 film and (b) Y2O3 coated TiO2/In2S3 film.

in direct contact with TiO2. Because usually semiconductor sen-
sitizers can not completely covered TiO2 nanoparticles in QDSSCs
prepared from both SILAR and presynthesis methods, the direct
contact between Y2O3 and TiO2 is as expected and similar with the
case of ZnS passivation. We  next investigated the impact of the thin
amorphous Y2O3 shell on the In2S3 sensitized TiO2 photoanode.

XPS characterization was  taken to investigate the surface com-
position and the chemical state of the Y2O3 coated TiO2/In2S3 film.
The typical survey spectrum of the porous film was  shown in Fig. 5,
revealing the presence of In, S, Y, O and C elements. The peaks
at 445.2 and 452.7 eV were, respectively, assigned to the bind-
ing energies of In3d5/2 and In3d3/2 of In2S3, while the peak at
161.3 and 162.5 eV could be attributed to the binding energy of
S2p3/2 and S2p1/2 transition, respectively [27]. The observed bind-
ing energy values of In3d and S2p are identical to the reported data
for In2S3 [17,28], suggesting that we obtain the stoichiometry of
the In2S3 thin film, which is well consistent with the XRD results.
The binding energies of Y3d5/2 and Y3d3/2 in the film were 158.2
and 160.1 eV, and higher than those (Y3d5/2 156.7, Y3d3/2 158.7) of
the pure Y2O3 powder [29], indicating the Y OH bond exists in the
TiO2/In2S3/Y2O3 film [30] due to the OH groups adsorption on the
amorphous Y2O3 surface [31]. The effect of surface chemical state
on the interface detail such as interface dipole, energy barrier, et ac
need further investigation, which could provide clues on the effect
of inhibiting recombination. The peak of C may  mainly be attributed
to organic compounds pollution.

The light absorption of In2S3 sensitized TiO2 films were shown
in Fig. 6, indicating that the In2S3 have an apparent light absorption
in the UV–vis region. Because the band gap of Y2O3 is so large (ca.
5.5 eV in bulk) [32], it has almost no contribution to light absorption
and the band gap of TiO2/In2S3 film. From Fig. 6b, the direct band
gap of TiO2/In2S3 film is about 2.8 eV, which is consistent with the
literature [17], and is higher than the reported value of 2.0–2.3 eV
for bulk ˇ-In2S3 [33]. The band gap widening was attributed to the
quantum size effect of In2S3.

3.2. The photovoltaic performance of the solar cells

The J–V characteristics of In2S3 sensitized solar cells without

any passivation layer, with ZnS layer and with amorphous Y2O3
layer under illumination were shown in Fig. 7, and the related
parameters of these cells were summarized in Table 1. Although
the solar cell without any passivation layer based on chemical bath

Table 1
Photovoltaic performance parameters of the In2S3 sensitized solar cells.a

Photoanodes Voc (mV) Jsc (mA/cm2) FF (%) � (%)

TiO2/In2S3 504 ± 5 0.42 ± 0.03 11 ± 3 0.02 ± 0.01
TiO2/In2S3/ZnS 464 ± 3 0.88 ± 0.03 61 ± 2 0.25 ± 0.02
TiO2/In2S3/Y2O3 524 ± 3 0.92 ± 0.02 65 ± 2 0.32 ± 0.02

a The listed results are average of four cells.
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Fig. 5. XPS spectrums of Y2O3 coated TiO2/In2S3 film: (a) survey spectrum, (b) binding energy spectrum of S2p and Y3d.
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Fig. 6. UV–vis absorption (a) a

eposition methodology gave an open circuit voltage 504 mV,
lmost double those of other methods [15,16], the FF is only 11%,
esulting into the low power conversion efficiency of 0.02%. After
he In2S3 sensitized TiO2 photoanode was coated with ZnS pas-
ivation layer, there was a dramatic increase for the FF, from 11%
o 61%, a high value for QDSSCs [34]. The significant improvement
f the QDSSC performance after ZnS coating has been contributed
o the reduced recombination between the electrons in TiO2 and
he electrolyte [35]. For the In2S3 sensitized solar cell without any
assivation layer here, there must be a severe interface recombina-
ion because the unhomogeneous In2S3 deposition (Fig. 2a) leads to

uch surface area of TiO2 nanoparticles exposed to the electrolyte.
he severe recombination then leads to the low FF. After the ZnS
oating, the TiO2 surface states through which the recombination
ake place were passivated, then the high FF resulted.

Y2O3 coating TiO2 before the dye adsorption process has been
nvestigated in DSCs [36]. The Y2O3 coating forms an inherent

nergy barrier at the photoanode/electrolyte interface, by sup-
ressing electron back transfer from electrode to the oxidized
lectrolyte to improve the Voc and FF of DSCs. In addition, the

Fig. 7. J–V characteristics of In2S3 sensitized solar cells.
c plots (b) of TiO2/In2S3 films.

Y2O3 coating can also increase the dye adsorption amount which is
conductive to improve the Jsc of the solar cells [36]. However, there
has not been report on employing Y2O3 coating in QDSSCs. Shalom
et al. investigated the effect of amorphous TiO2 coating on the per-
formance of QDSSCs [37]. Therefore, the Y2O3 passivation layer was
investigated. Thanks for the Y2O3 layer, the Jsc (0.92 mA/cm2), the
Voc (524 mV)  and the FF (65%) were achieved, highest among all
solar cells investigated here. Moreover, to the best of our knowl-
edge, the FF is the best value for the similar liquid QDSSCs up to
now [16]. As a result, a relatively higher � (0.32%) was obtained for
the TiO2/In2S3/Y2O3 device, which was  about 16-fold higher than
the unmodified TiO2/In2S3 device (0.02%). The IPCE of these In2S3
sensitized solar cells were also measured and shown in Fig. 8. The
IPCE of the solar cell with passivation layer is much higher than the
unmodified solar cell in the wavelength range of 350–500 nm.  Y2O3
passivated solar cell gives higher IPCE than ZnS, in accordance with
the Jsc trend.
The main effects of the amorphous Y2O3 layer in DSCs can be due
to either the passivation of the surface states of TiO2 or the forming
of an energy barrier at the TiO2/dye interface [36]. It is reasonable

Fig. 8. The IPCE spectra of In2S3 sensitized solar cells.
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Table  2
Photovoltaic performance parameters of the In2S3 sensitized TiO2 solar cells based on different photoanodes.a

Photoanodes Voc (mV) Jsc (mA/cm2) FF (%) � (%)

TiO2/In2S3 504 ± 5 0.42 ± 0.03 11 ± 3 0.02 ± 0.01
TiO2/In2S3 (annealed) 362 ± 5 0.52 ± 0.03 39 ± 2 0.07 ± 0.01
TiO2/In2S3/Y2O3 524 ± 3 0.92 ± 0.02 65 ± 2 0.32 ± 0.02
TiO2/In2S3 (annealed)/Y2O3 557 ± 4 0

a The listed results are average of four cells.
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In2S3 shell layer by a low-cost route for solar energy conversion, Nanotechnol-
ogy 22 (2011) 305601.
ig. 9. The influence of annealing process on J–V characteristics of In2S3 sensitized
iO2 solar cells.

o expect the same mechanism does work in In2S3 sensitized solar
ells. However, because there was an annealing procedure dur-
ng the Y2O3 layer coating experiment, we have carried out some
xperiments to elucidate the influence of the annealing process.
t was found that only the annealing process without any other
oating procedure will lead to the improvement of the device pho-
ovoltaic performance (Fig. 9). The Jsc increased from 0.42 mA/cm2

o 0.52 mA/cm2 and the FF increased from 11% to 39%, while the Voc

ecreased from 504 mV  to 362 mV  and the overall power conver-
ion efficiency increased from 0.02% to 0.07% (Table 2). However,
or the device that combined the In2S3 annealing and the passiv-
tion layer coating process, TiO2/In2S3 (annealed)/Y2O3 solar cell
n Fig. 9, the power conversion efficiency (0.27%) is lower than that
f the Y2O3 coated solar cell (TiO2/In2S3/Y2O3 in Fig. 9) and the Jsc

s lower too. The annealing treatment of TiO2/In2S3 before Y2O3
oating could influence the surface states of In2S3 and therefore
ffect the adsorptive capacity of Y3+ cation, ultimately weaken the
assivation of Y2O3 layer. The results indicated the Y2O3 passiv-
tion layer coating is the dominated factor that improves the device
erformance.

. Conclusions

In2S3 sensitized solar cells were prepared by a low cost chem-
cal bath deposition methodology. The ZnS layer coating the In2S3
ensitized TiO2 photoanodes improved the fill factor and the short
ircuit current but lowered the Voc. The amorphous Y2O3 shell was
sed to replace the ZnS layer and passivate the In2S3 sensitized TiO2
hotoanodes, which dramatically increased all the FF, Voc and Jsc,
chieving the highest FF of 65% and a Voc close to the best reported.
he further study is underway to improve the Jsc to achieve high
nergy conversion efficiency.
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