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Effect of co-sensitization of InSb quantum dots on
enhancing the photoconversion efficiency of CdS
based quantum dot sensitized solar cells

T. Archana,? K. Vijayakumar,® G. Subashini,® A. Nirmala Grace,® M. Arivanandhan (2 *@
and R. Jayavel®

The effect of co-sensitization of CdS and InSb Quantum Dots (QDs) on the enhancement of efficiency of
Quantum Dots Sensitized Solar Cells (QDSSCs) has been investigated. InSb is synthesized by a facile
solvothermal method using indium metal particles and antimony trichloride as precursors. From TEM
images the average particle size of InSb was found to be less than 25 nm. The /-V data showed
photoconversion efficiency (PCE) of 0.8% using InSb QDs as a sensitizer layer for QDSSC. However, co-
sensitization of InSb QDs and CdS QDs on the TiO, photoanode in QDSSCs showed an enhanced PCE
of 4.94% compared to that of CdS sensitized solar cells (3.52%). The InSb QD layer broadens the light
absorption range with reduced spectral overlap causing an improvement in light harvesting along with
suppression of surface defects which reduced the recombination losses. As a result, co-sensitized TiO,/
CdS/InSb QDSSC exhibits a greatly improved PCE of 4.94%, which is 40% higher than that of TiO,/CdS

rsc.li/rsc-advances

1. Introduction

Dye sensitized solar cells (DSSCs) (Gratzel cells) and quantum
dot sensitized solar cells (QDSSCs) are promising solar cell
technologies as they utilize dye and quantum dots (QDs) as light
sensitizing materials.’” DSSCs have several limitations such as
poor stability of the dye molecules, high cost of dyes, and single
wavelength absorption which restricts their applications,®
whereas QDs exhibit excellent properties like tunable bandgap,
multiple carrier generation and high absorption coefficient.
Therefore, QDs based sensitized solar cells are more promising
compared to DSSCs. However, the QDSSCs fall behind in
conversion efficiency compared to DSSCs.>'® The QDs are
semiconductor nanoparticles having dimensions less than their
exciton bohr radius. However, the exciton bohr radius of widely
used semiconductor QDs such as CdS (3.4 nm), CdSe (6.1 eV)
and PbS (20 nm) are less than 20 nm. So, the tunability of their
properties within the confinement regime is difficult. Moreover,
most of QDs (CdS, PbS, CdSe) used for sensitized solar cells are
active in the visible region."

The low efficiency of QDSSCs are partially associated with the
performance of sensitizer materials which are mostly active only
in the visible regime of solar light spectrum and hence light
absorption get confined at wavelength less than 700 nm.">** For
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(3.52%) based QDSSCs due to improved light absorption with low recombination losses.

improved light absorption with wider coverage of solar spec-
trum, co-sensitization of QDs can be a promising approach in
the field of QDSSCs. Hence the strategy to improve light
absorption apart from visible regime could possibly enhance
the photoconversion efficiency of QDSSCs."* ¢ In this aspects,
Xueyi Guo et al. reported co-sensitization of N719 dye with
Ag,Se QDs showed an efficiency of 3.23%." Yibing Lin et al.
reported co-sensitization of CdS and CdSe QDs with an
improved efficiency of 4.2.'® Dong Liu et al. reported 3.95%, PCE
for the co-sensitization of CdS and CdSe QDs on a comparative
study using Pt and CuS counter electrode.”” Hwang et al. re-
ported the significant improvement of photocurrent density
(27.6 mA) of QDSSC by co-sensitization of Ag,S with CdS QDs.**
From the literature, it is obvious that the co-sensitization is
a promising approach compared to single sensitizer (CdS or PbS
or CdSe) for improving the performance of QDSSCs." Tung
et al. reports on control on recombination achieved by co-
sensitized structure.’®*" Most of the literatures highlight on
UV-Vis active material as co-sensitizer for sensitized solar cells
with an objective to improve the efficiency. Whereas, the visible
(44%) and infrared (53%) radiations dominate the solar spec-
trum which covers from 280 to 2700 nm.>*** Therefore, effective
utilization of IR region by means of IR active QDs could enhance
the efficiency of the QDSSC. However, co-sensitization of IR
active QD material with visible active material for solar cell
applications are rarely investigated.

Indium antimonide (InSb) is one of the narrow band gap
(0.17 eV) semiconductors with large exciton bohr radius of
68.5 nm. Therefore, the properties of InSb QDs can be tuned by
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changing its size in the confinement regime.'> Moreover, InSb
has been reported to be an efficient IR active material as it
possesses narrow band gap. InSb QDs are notable for their
promising ability to efficiently harvest the near infrared region
of solar spectrum and therefore achieving more coverage of
solar spectrum.”® Co-sensitization of InSb with visible active
QDs could enhance the quantum efficiency of QDSSC. However,
co-sensitization of InSb QDs with other semiconducting QDs
are not reported in the literature.>**® Henceforth InSb can be
studied as viable sensitizer material for QDSSC applications.

Hitherto InSb QDs and its applications are scarcely ever
considered as they are highly reactive towards air and moisture
due to co-valent nature of group III-V elements.”*?*> Most of
works reported on in situ growth and deposition of InSb thin
films.**-*® Only few works have been reported on the synthesis of
InSb QDs.*”*® Therefore, in the present work, the growth
conditions for the formation of InSb QDs were initially opti-
mized and examined its suitability as a photo sensitizer for
different QDSSC cell structures with and without -co-
sensitization of CdS. The co-sensitized TiO,/CdS/InSb QDSSC
exhibits a greatly improved PCE of 4.94%, which is 40% higher
than that of TiO,/CdS (3.52%) based QDSSC.

2. Experimental
2.1 Synthesis of InSb quantum dots

High purity indium particles (99.99%) (Merck), antimony tri-
chloride (SbCl;) (TCI Chemicals), xylene (Alfa Aesar) and
ethanol (Honeywell) were procured and used as source mate-
rials without further purification.

InSb QDs were synthesised by solvothermal self-reduction
method using high purity In metals and SbCl; as precursors.
In and SbCl; were taken in a molar ratio of 1 : 2 and dissolved in
100 ml of xylene in polypropylene lined (PPL) vessel filled to
70% of the total volume with xylene. The vessel was sealed into
a stainless-steel tank and maintained at 280 °C for 15 h. After
completion of solvothermal reaction, autoclave was allowed to
cool to room temperature and resulted product was filtered off,
washed with double distilled water and absolute ethanol. The
resulted blackish brown product was isolated by centrifugation
at 8000 rpm and transferred to Petri dish and vacuum dried at
80 °C for 3 h.*®* The obtained InSb nanostructures were
characterized for morphological and structural analysis.

2.2 Characterization of InSb quantum dots

The structural properties of the InSb samples obtained by sol-
vothermal synthesis at were examined by X-ray diffraction (XRD)
analysis using X-ray diffractometer (Bruker D8 advance
diffractometer) with Cu Ko (1.54 A) radiation. The X-ray
diffraction pattern was recorded in the range of 26 from 10 to
80 with a stepwise increment of 0.02 and a count time of 5 s.
Morphology of vacuum dried InSb samples were investigated
using high resolution scanning electron microscope with
energy-dispersive X-ray analysis (HR SEM-FEI Quanta FEG 200).
Further, the shape and size of InSb sample were analysed by
high resolution transmission electron microscopy (HRTEM;
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JEOL TEM 2400). The UV-Vis-NIR absorption spectrum of InSb
was recorded using PerkinElmer Optima 5300 DV UV-Vis-NIR
spectrophotometer. XPS analysis of prepared samples was
carried out by Shimadzu ESCA 3400 X-ray photoelectron spec-
trophotometer. Electrochemical impedance spectra (EIS) of the
prepared electrodes were recorded by CHI electrochemical
workstation (CHI 1106C) at frequency ranging from 10 MHz to
100 kHz and impedance spectra were analyzed with EC lab
software.

2.3 Fabrication of QDSSC

Titanium tetraisopropoxide (Sigma Aldrich), nitric acid (Alfa
Aesar), ethanol (Honeywell), acetic acid (Alfa Aesar), FTO glass
slides (7 Q resistance, Sigma Aldrich), chloroplatinic acid
(Sigma Aldrich), ethyl cellulose (TCI Chemicals), alpha-terpinol
(TCI Chemicals), acetone, cadmium chloride (Alfa Aesar),
sodium sulphide (TCI Chemicals), copper acetate (Alfa Aesar)
were procured and used as source materials without further
purification.

2.3.1 Photoanode. Initially FTO glass slides were well
cleaned with detergent and washed with water and ethanol.
TiO, nanoparticles were prepared by hydrothermal method at
temperature of 240 °C for 12 h.** After hydrothermal reaction
0.1 mol of HNO; was added to neutralize the pH and resulted
product were washed three times using double distilled water.
The resulted white product was isolated by centrifugation at
6000 rpm and transferred to Petri dish. After that the sample
was dried at 100 °C and white TiO, powder was obtained. The
photoanodes were prepared by coating TiO, paste of respective
samples on FTO substrate using doctor blade technique. For
preparing TiO, paste, 2 grams of prepared TiO, powder was
mixed with 0.5 ml of acetic acid and mechanically grinded for
10 minutes. Along with it 0.5 ml of double distilled water was
added and continued the grinding. Further 2 ml of ethanol and
alpha terpineol were added and continually grinded for 45
minutes. Further 0.5 grams of ethyl cellulose and 6 ml of
ethanol was added, while grinding continued for 60
minutes.*"*

The paste was coated over conducting side of FTO glass plate
for area of 0.16 cm®. The coated glass slide was dried at 100 °C
for 30 minutes and calcined at 450 °C for 15 minutes and slowly
cooled down to room temperature.

2.3.2 Sensitizer. InSb QDs were sonicated in ethanol for 30
minutes and was made to adhere on TiO, photoanode by direct
absorption. QD loaded photoanode was dried by pursing N, gas.
Co-sensitization was done by SILAR deposition of 0.04 M
concentration of cadmium and sulphur source for 8 cycles. Over
which InSb QDs were made to load by direct absorption, fol-
lowed by drying with N, gas pursing for 5 minutes.**"*

2.3.3 Counter electrode. Initially FTO glass slides were well
cleaned and were immersed in isopropanol and sonicated for
30 min and washed with double distilled water and ethanol. For
a comparative analysis platinum and CuS coated counter elec-
trodes were prepared separately. For preparing platinum coated
counter electrode, 20 mM of chloroplatinic acid was prepared
and coated over conducting side of FTO glass slides. As

This journal is © The Royal Society of Chemistry 2020
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prepared Pt coated counter electrodes were sintered at 450 °C
for 30 min. The Pt counter electrode was fabricated by thermal
depositing method. In a typical process of Pt coated counter
electrode, a drop of H,PtCl, solution (5 mM chloroplatinic acid
in isopropanol) was dropped onto FTO glass, followed by
heating at 400 °C for 15 min. SILAR method was used to prepare
CuS counter electrodes on the FTO substrate. Prior to the
deposition, the FTO substrates were cleaned ultrasonically
using acetone, ethanol, and DI water for 10 min each. The
cleaned substrates were dried using N, gas. The CuS counter
electrode was prepared by applying 4 cycles of SILAR deposition
using cationic and anionic aqueous solutions of 0.5 M Cu(NOj3),
and 0.5 M Na,S. Finally, the CuS coated electrode was dried at
120 °C for 10 minutes. *>*>

2.3.4 Electrolyte. Polysulphide electrolyte was prepared
adding (1.5 M KCl, 2 M S and 1.5 M Na,S) in 10 ml of double
distilled water. Electrodes were sandwiched together and the
space between electrodes was filled with electrolyte.*** -V
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Fig. 1 XRD pattern of InSb quantum dots.
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characteristics of the prepared QDSSC were studied by Solar
Simulator (1 Sun Oriel Class AAA).

3. Results and discussions

3.1 Structural and morphological analysis

The X-ray diffraction (XRD) pattern of InSb QDs is shown in
Fig. 1. The diffraction pattern is well matched with cubic zinc
blende structure of InSb, in addition with a few low intensity
peaks of Sb. The obtained cell parameter (@ = 6.4781) is in good
agreement with the standard JCPDS data (card no. 6-208). From
XRD pattern (Fig. 1), the size of the crystallites of InSb QDs was
calculated to be 37.16 nm using Scherrer equation.’***¢>*
Morphology of InSb QDs was studied by FESEM and shown in
Fig. 2a. Spherical morphology of the InSb QDs can be seen from
FESEM images and Fig. 2b shows EDS spectrum of the sample.
The strong peaks corresponding to In and Sb are clearly
observed. The composition of the prepared InSb is confirmed by
EDS spectrum.®**

Typical HRTEM images of the InSb samples are shown in
Fig. 3a and b. The size and morphology of QDs can be clearly
identified using TEM images. The nanocrystalline InSb had
plate-like and spherical morphology as shown in Fig. 3a and b.
The average size of InSb nanocrystals was found to be less than
25 nm which confirms the formation of InSb QDs as the size is
less than its exciton bohr radius (68.5 nm). The HRTEM image
(Fig. 3c) of InSb QDs shows the clear lattice fringes which
confirm its crystalline nature. The interplanar spacing of InSb
QDs was measured at two different places as 0.38 nm and
0.32 nm corresponds to (111) and (200) lattice planes,
respectively.

3.2 XPS analysis

The XPS spectra of InSb QDs are shown in Fig. 4a and b. The
core level spectrum of In (Fig. 4a) shows the doublet peaks of In
3ds,, and In 3dj), at 445.57 and 453.22 eV, respectively. The
doublet peaks are separated with the binding energy of 7 eV
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Fig. 2 (a) SEM image (b) EDAX spectrum of InSb QDs.
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which arises from spin-orbit-splitting. Fig. 4b shows the core
level spectrum of antimony shows two peaks at 532.08, and
540.8 eV respectively. XPS further confirms the formation of
InSb. Semiquantitative analysis of the peaks gave the ratio of In
to Sb as 52.3 : 47.7.3%48

3.3 Optical studies

Fig. 5 shows the optical absorption spectrum of InSb QDs which
reveals a wide range of absorption in the near IR region. From
the UV-Vis-NIR spectrum, absorption maximum can be seen to
be at 870 nm and slightly decreasing towards high wavelength.
On plotting Tauc plot the estimated bandgap energy is found to
be 1.01 eV (inset of Fig. 5). The band gap for InSb QDs seems to
be widened from 0.17 eV to 1.01 eV because of the quantum
confinement effect.** Optical absorption of InSb QDs shift
towards near-infrared thereby significantly enhance current
density by reducing UV absorption loss which occurs during
light absorption and thus favouring conduction process under
light illumination.'>-**2%314>

Frequency
F

Fig. 3
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3.4 Photoanode characterization

3.4.1 Structural and morphological analysis of TiO,/CdS/
InSb photoanodes. Fig. 6i and ii shows the cross sectional (i)
and top view (ii) FESEM images along with EDAX spectrum (i(c))
and mapping (i(d)) for InSb and CdS QDs loaded TiO, photo-
anode. From the FESEM images, it is clearly observed that the
QDs are effectively loaded into the photoanode (Fig. 6i and ii).
Moreover, the size of the CdS QDs is extremely low compared to
InSb QDs loaded on TiO, photoanodes. From cross-sectional
morphological analysis of InSb/CdS/TiO, photoanode (Fig.
6i(a)), stacking of each layer is analyzed. From the EDAX spec-
trum (Fig. 6i(c)) the presence of In, Sb along with Cd and S in
addition with Ti and O, can be seen that confirms the presence
of InSb/CdS QDs in the photoanode. Cross-sectional EDAX
mapping analysis (Fig. 6i(d)) of photoanode clearly shows
presence of all elements with low content of InSb. But surface
analysis of photoanode showed higher concentration for InSb
QDs (Fig. 6ii(a)). The chemical composition of the photoanode
is given as inset of Fig. 6ii(b).

d=0380m .
(111)’

(a and b) TEM images of InSb QDs (inset of (a) and (b) are histogram for particle size distribution) (c) HRTEM image of InSb QDs.
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Fig. 4 XPS spectra of (a) In 3d and (b) Sb 3d of InSb quantum dots.
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Fig.5 UV-Vis-NIR absorption spectrum (inset-Tauc plot) of InSb QDs.

3.4.2 Optical studies of TiO,/CdS/InSb photoanode.
Optical characteristics of photoanode are the significant factor
that affects the overall performance of the device. Hence
a photoanode should have an optical ability to capture light in
a wide range of spectrum. UV-Vis-NIR diffuse reflectance
spectra of the bare TiO,, TiO,/InSb, TiO,/CdS, TiO,/CdS/InSb
are shown in Fig. 7a. Bare TiO, photoanode shows absorption
in UV region, while on sensitizing it with InSb a hypochromic
shift can be seen along with a small hump at 840 nm promi-
nently due to presence of InSb QDs on TiO, photoanode. CdS
loaded TiO, photoanode showed shift in absorption greatly
towards visible region along with decrease in intensity of peaks
at the UV region due to decrease in surface trap sites of TiO,
photoanode. On overall analysis of spectrum, the introduction
of InSb layer into TiO,/CdS photoanode broadened the light
absorption range especially towards near IR region. Thus, wide
range of solar energy harvesting can be achieved by using NIR
active InSb QDs along with visible active CdS QDs as sensitizers
for QDSSC. This strategy has great potential in improving

This journal is © The Royal Society of Chemistry 2020

Intensity(cps)

) T
535 540

Binding Energy(eV)

T
530 545

overall PCE as it improves overall light absorption with minimal
spectral overlap. Fig. 7b shows PL spectra of bare TiO,, TiO,/
InSb, TiO,/CdS, and TiO,/CdS/InSb samples. For bare TiO,
photoanode, two emission peaks were observed at 475 and
540 nm, respectively. The emission peaks in the PL spectra at
475 and 540 nm correspond to band edge and defect level
emission of TiO,. It can be inferred from the spectra that the
defect level peaks at TiO, are suppressed by QDs loading over
the TiO, photoanode. The emission peak for CdS QDs on TiO,
photoanode is concentrated at 525 nm to 600 nm for an exci-
tation wavelength of 380 nm. For InSb and CdS loaded TiO,
photoanode a shift in emission towards higher wavelength side
can be seen.

The emission at two different wavelengths is due to differ-
ence in band gap of CdS and InSb as seen by difference in
absorption occurring at visible and NIR region.>*** The PL study
demonstrated that the emission performance can be enhanced
by co-sensitization of QDs and thus recombination of surface
trapped electrons can be relatively suppressed. The PL peaks of
TiO,/CdS/InSb photoanode are relatively boarder, which may be
due to the band matching. The band alignment favours the
transfer of electrons from the InSb and CdS QD sensitizer layers
towards photoanode layer, inducing reduced charge
recombination.

3.5 EIS analysis of photoanodes

Electrochemical impedance spectroscopy (EIS) analysis is used
to evaluate the internal resistance and charge transfer kinetics
of fabricated photoanodes. Fig. 8(i) shows the Nyquist plots of
TiO,/CdS and TiO,/CdS/InSb photoanodes. The plots were
analysed using EC lab software with an equivalent circuit. From
EIS data, it is clear that the TiO,/CdS electrode shows relatively
higher series resistance compared to TiO,/CdS/InSb co-
sensitized photoanode. From EIS spectra, it is also confirmed
that the TiO,/CdS/InSb co-sensitized photoanode shows low
charge transfer resistance compared to TiO,/CdS electrode
which favors for high performance of QDSSC with co-sensitized
photoanodes. The inset table shows the measured series resis-
tance and charge transfer resistance of the electrodes. The low

RSC Adv, 2020, 10, 14837-14845 | 14841
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Fig. 6 (i) (@ and b) FESEM images, (c) EDAX with elemental composition and (d) EDAX elemental mapping of cross-sectional surface of co-
sensitized InSb/CdS loaded TiO, photoanode. (i) (@) FESEM image (b) EDAX with elemental composition of surface of co-sensitized InSb/CdS

loaded TiO, photoanode.
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of fabricated QDSSCs with different
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series resistance and charge transfer resistance of the co-
sensitized photoanodes are originated from the narrow band
gap InSb QDs.

3.6 I-V measurement

The I-V characteristics of fabricated QDSSCs were analysed
using a standard (AM1.5) Solar Simulator (Oriel Class AAA)
under 1 sun illumination condition. The obtained cell param-
eter values are shown in Table 1. Fig. 8(ii) shows the I-V curves
of bare InSb QDs, CdS QDs and InSb/CdS co-sensitized QDs
based QDSSCs fabricated using TiO, as photoanodes and plat-
inum and CuS as counter electrodes. As can be seen from
Fig. 8(ii), the QDSSC with CuS counter electrode showed rela-
tively better performance compared to Pt counter electrodes for
all the cell configurations. This is obviously because of better
compatibility of polysulphide electrolyte with CuS counter
electrode than that with platinum counter electrode. High
electrocatalytic activity of CuS electrode reduces charge transfer
resistance at electrolyte/electrode interface and thus not only
reduces internal resistance but also enhances cell perfor-
mance.”” From the I-V curves, it can be inferred that the QDSSC
fabricated using InSb QDs with platinum counter electrode
have shown an efficiency of 0.51% and the cell with CuS counter
electrode shows the efficiency of 0.8%. While I-V characteristics
of CdS based QDSSCs shows an efficiency of 1.25% for platinum
and 3.52% for CuS counter electrode.

Co-sensitization of CdS and InSb in QDSSC with CuS counter
electrode showed an efficiency (4.94%), which is significantly
enhanced compared to all other cell structures (Table 1).
Further the I-V curves demonstrated the relative enhancement
of photocurrent density (Jo.) (18.58 mA cm ') and fill factor
(0.49) on co-sensitization which may be originated from the
broadened light absorption spectrum of co-sensitizers as seen
from UV-Vis-NIR spectra (Fig. 7a). Wide solar spectrum coverage
provides opportunities for more electronic excitation of QDs at
different energy levels thereby generating multiple excitons.
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Table 1 Cell parameters of the QDSSCs with and without co-sensitization

Cell Cell configuration Voe (V) Jse (MA cm™?) Fill factor (%) Efficiency (%)
QDSSC1 TiO,/InSb/Pt 0.186 10.96 24.80 0.51
QDSSC2 TiO,/CdS/Pt 0.367 8.83 38.39 1.25
QDSSC3 TiO,/CdS/InSb/Pt 0.516 8.63 39.76 1.77
QDSSC4 TiO,/InSb/CuS 0.287 10.71 26.24 0.81
QDSSC5 TiO,/CdS/CuS 0.454 16.98 45.68 3.52
QDSSC6 TiO,/CdS/InSb/Cus 0.533 18.58 49.88 4.94

The band matching achieved by each QD layer without spectral
overlap favours electron hopping at a faster rate towards the
photoanode which improved photocurrent density.

The open circuit voltage (V,.) of the QDSSC has been
improved for the co-sensitizer compared to single sensitizer
based QDSSCs. In general V,, is mainly affected by the recom-
bination losses that can deliberately downturn excitonic life
time of charge carries. A significant improvement in V,. is
observed for co-sensitization of IR active InSb with visible active
CdS QDSSCs illustrated the low recombination losses in co-
sensitized QDSSCs. InSb QDs act as an efficient light absorber
and passivating layer for SILAR deposited CdS in the photo-
anodes thereby decreasing the surface trap sites as seen from PL
spectra in Fig. 7b. In addition, the InSb layer prevents retention
of electrolyte towards sensitizer and hence much better control
on recombination process was resulted.*® Furthermore, the
TiO,/CdS/InSb photoanodes shows relatively low charge trans-
fer resistance and low series resistance as observed from EIS
spectras (Fig. 8(i)) which ease the charge transport in the
fabricated QDSSCs. Therefore, the InSb co-sensitized QDSSC
shows high efficiency of 4.94%. The obtained efficiency is
relatively higher than that of reported co-sensitized QDSSC.***”
The experimental results demonstrated that the
sensitization of IR active InSb QDs with CdS is a promising
approach to improve the performance of QDSSC.

CO-

4. Conclusions

InSb QDs has been successfully synthesized by solvothermal
method. The structural, morphological and optical properties
of InSb QDs were investigated. To improve the efficiency of
QDSSC, the IR active InSb QDs were effectively co-sensitized
with CdS QDs and studied their I-V characteristics. The I-V
results indicated that the InSb QD co-sensitized QDSSC shows
relatively higher efficiency of 4.94% compared to CdS QD based
QDSSC (3.5%). Moreover, the co-sensitization of InSb QDs,
effectively improved the current density, Ji. (18.57 mA cm™?)
and open circuit voltage, V,. (533 mV) of QDSSC which resulted
the high efficiency. The co-sensitization of InSb QDs improved
the absorption of solar energy and suppressed the recombina-
tion losses which improved the cell performance. Therefore, the
present study emphasizes the potential of co-sensitization of
InSb QDs for QDSSC applications.
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