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Abstract

Titanium dioxide photoanode and copper sulphide photocathode were prepared by optimizing the conditions. Cadmium
sulphide quantum dots were loaded onto the photoanode by successive ionic layer adsorption and reaction method. The
effective loading of CdS QDs onto TiO, photoanodes was confirmed by XRD, SEM and optical studies. Copper sulphide
counter electrodes were prepared by two different methods. Quantum dot-sensitized solar cells (QDSSCs) were fabricated
by sandwiching the cadmium sulphide quantum dots loaded photoanode and copper sulphide counter electrodes. The J-V
characteristics of CdS-based QDSSC with optimum photoanode along with passivating layer were studied by adding different
vol% of TEOS into polysulphide electrolyte. The efficiency of QDSSC with copper sulphide counter electrodes was rela-
tively enhanced compared to the cell with platinum counter electrodes. Furthermore, QDSSC with copper sulphide counter
electrodes and 2.5 vol% TEOS-modified electrolyte exhibited high efficiency of 5.5% which offered 0.543 V open circuit
voltage and 19.33 mA cm ™ short circuit current density with a fill factor value of 0.523. The mechanism for improving the
efficiency of QDSSC is discussed based on electrochemical impedance spectroscopy.
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1 Introduction

Quantum Dots (QDs) exhibit tunable bandgap, high opti-
cal absorption coefficient, solution processability, photo-
stability, high molar extinction coefficient which leads to
broadened application in photonics, bioimaging and solar
cells [1]. QDs as sensitizer for quantum dot-sensitized
solar cells (QDSSCs) showed a possibility to achieve
higher conversion efficiency than that of Si solar cells by
overcoming Shockley Queisser effect [2]. On the contrary,
the progress of QDSSC was slow down due to poor stabil-
ity of dye molecules, high corrosive nature of electrolytes,
recombination losses and other interface losses [3]. There-
fore, it is highly essential to improve the performance of
QDSSC by optimizing the photoanode, QD sensitizer,
redox electrolyte and counter electrode (CE) [4].

Polysulphide is a widely used electrolyte for QDSSC.
However, the main issue with polysulphide electrolyte is
its high regeneration rate of oxidized QDs that leads to
lower open circuit voltage (V,.) [5]. Moreover, low inter-
facial recombination resistance at CE/electrolyte interface
affects the charge transfer which in turn degrade the cell
performance. Hence various strategies have been tried to
modify the standard polysulphide electrolyte in QDSSC
[6]. Yu et al. reported photovoltaic characteristics of
polyacrylamide-based hydrogel-modified CdS/CdSe co-
sensitized QDSSC. They have reported relatively high effi-
ciency of 4% that resulted from high ionic conductivity of
quasi hydrogel electrolyte [7]. Recently, Du et al. enhanced
the efficiency of CdSe-based QDSSC from 5.8 to 6.74%
by modifying the polysulphide electrolyte using polyethyl-
ene glycol (PEG) which reduced the charge recombination
occurring at the TiO,/QDs/electrolyte interfaces [8]. Yu
et al. reported the modification of polysulphide electrolyte
using TEOS as additive and studied the effect of tetraethyl
orthosilicate (TEOS) addition in Zn—Cu-In-Se, CdSeTe
and CdSe-based QDSSC systems [9]. However, the effect
of TEOS addition in polysulphide electrolyte has not yet
been investigated in the CdS QDs-based QDSSC. There-
fore, in the present work, polysulphide electrolyte has been
modified by adding TEOS to study its effect on the perfor-
mance of CdS-based QDSSCs.

As an energetic component, CE is also significantly
influencing on photovoltaic performance of QDSSC as that
of photoanode [10], sensitizer and electrolyte. Platinum
(Pt) is widely used as CE for QDSSC despite of its high
cost. Different kind of materials such as CoS, CuS and NiS
[11-14] and NiS, [15] have been tried as CE for replacing
Pt in QDSSCs. Xu et al. reported FeS, microspheres-based
CE for QDSSCs [16]. From the recent literatures, it is
obvious that the Cu-based chalcogenides are the promising
CEs for QDSSC [17-19]. Therefore, in the present work,
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the Pt CE has been replaced by CuS along with electro-
lyte modification for possible improvement in the overall
performance of QDSSC. The photoanodes and CEs were
prepared by optimizing the conditions. The QDSSCs were
fabricated by sandwiching the CdS QDs loaded TiO, pho-
toanode and CuS CE. The TEOS-modified polysulphide
electrolyte with different concentrations have been filled
into the cell and comparatively studied its performance
to determine the optimum TEOS concentration in poly-
sulphide electrolyte for enhancing QDSSC performance.
The QDSSC with 2.5 vol % TEOS added polysulphide
electrolyte and modified CuS CE shows the high efficiency
of 5.5%.

2 Materials and methods

Titanium tetraisopropoxide (TTIP), fluorine doped tin oxide
(FTO) (7 Q resistance), tetraethyl orthosilicate (TEOS),
chloroplatinic acid (H,PtCly), sulphur (S) (Sigma Aldrich),
acetic acid, cadmium chloride (CdCl,), copper nitrate
(Cu(NOj3),), methanol, acetone, nitric acid (HNO;) (Alfa
Aesar) sodium sulphide (Na,S), o-terpineol, potassium chlo-
ride (KCl), zinc acetate (Zn(OAc),), ethyl cellulose (TCI
chemicals) ethanol (Honeywell) were used as received with-
out any further purification.

2.1 Preparation of TiO,-coated photoanode

FTO substrates were sonicated initially with soap solution
for 10 min followed by treatment with double distilled water
and ethanol for further purification. Finally, the cleaned sub-
strates were dried at air. TiO, nanoparticles were prepared
by hydrothermal method using TTIP as precursor in Teflon-
lined autoclave at 240 C for 12 h [18]. As prepared TiO,
nanoparticles were washed using double distilled water,
centrifuged at 6000 rpm and finally dried at 100 °C. TiO,
paste was prepared by grinding TiO, nanoparticles with spe-
cific ratio of acetic acid, double distilled water and ethanol
using mortar and pestle. Ethyl cellulose and a-terpineol were
added to the above mixture as binders to make a thick paste.
The paste was coated over conducting side of FTO substrate
which was masked by scotch tape for a coating area of 0.16
cm? to make a thin film by doctor blade technique [19]. TiO,
film was dried at 100 °C for 15 min followed by calcination
at 450 °C for 15 min in a muffle furnace and subsequently
cool down to ambient temperature.

2.2 CdS QDs loading

TiO, photoanodes were immersed in anionic and cationic
precursor of CdCl, and Na,S in methanol and water (1:1)
mixed solution, followed by purging N, gas. Anionic and
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cationic precursor solutions were prepared at different con-
centrations (0.02 M, 0.04 M and 0.06 M) to study the effect
of precursor concentrations on QD formation. CdS QDs
were loaded on to TiO, photoanode with different precur-
sor concentrations by successive ionic layer adsorption and
reaction method (SILAR) method at 3, 6 and 9 numbers
of deposition cycles. Soaking time for each SILAR cycle
was 30 s and the deposition was carried at ambient tem-
perature (~32 °C). Eventually, the QD loaded photoanodes
were dried by purging nitrogen gas for 5 min. The CdS QDs
loaded TiO, photoanodes with different precursor concentra-
tions and cycle of depositions were named as C1 to C9. The
CdS QDs loaded TiO, photoanodes prepared using 0.02 M
precursor concentration with 3, 6 and 9 SILAR cycles of
deposition were named as C1, C2 and C3, respectively. The
photoanodes prepared using 0.04 M precursor concentration
with 3, 6 and 9 SILAR cycles were named as C4, C5 and
C6, respectively. The CdS QDs loaded prepared for 0.06 M
precursor concentration with 3, 6 and 9 SILAR cycles were
named as C7, C8 and C9, respectively. ZnS passivation on
to CdS QDs loaded TiO, photoanode was carried out by
soaking the electrodes into 0.1 M Zinc acetate solution and
0.1 M Na,S solution. The optimal immersion time was 60 s
for both solutions [20, 21].

2.3 Preparation of modified electrolyte

Standard polysulphide electrolyte solution was prepared by
mixing 0.5 M Na,S, 1 M S, and 0.2 M KCI and ground
thoroughly using a mortar and pestle before introduced into
the solution media. The mixture of water and methanol (7:3
volume ratio) was used as a solvent medium [3, 5-7]. The
polysulphide electrolyte was modified by adding different
volume % of TEOS (1, 1.5, 2, 2.5, 3 and 3.5 vol%) into the
solution to study the effect of TEOS concentration on the
performance of QDSSC.

2.4 Preparation of CE

Doctor blade method was used for preparing Pt CE, by
depositing a thin layer of 20 mM H,PtCl, on the conduct-
ing side of well cleaned FTO substrate followed by thermal
treatment at 450 °C for a duration of 30 min [8—10]. CuS
CEs were prepared by SILAR and drop casting methods
for comparative analysis. CuS CE was prepared by SILAR
deposition of 1 M Cu (NOj), and Na,S in methanol, with 8
cycles. CuS-coated substrates were dried at 80 “C for 60 min
[22]. For CuS coating by drop casting, 100 uL of 0.5 M
Cu (NOs), in methanol solution was dropped on to FTO.
100 pL of Na,S in mixture of water and methanol (3:7) was
dropped over the initial layer. CuS formation was confirmed
by the change of colour from blue to brown and finally to
black. This procedure was repeated for three times followed

by rinsing with ethanol. The films were dried at 120 °C for
60 min [23-26].

2.5 QDSSC fabrication

QDSSCs were fabricated by sandwiching the CdS QDs
loaded TiO, photoanodes and Pt/CuS CEs using binder
clips. The space between electrodes was separated by para-
film of 60 pm thickness. The TEOS-modified polysulphide
electrolyte was loaded into sandwiched cell region of two
electrodes through capillary action. The cells were fabri-
cated with different configurations for optimizing the cell
structure to achieve high performance.

3 Results and discussion

Figure 1 shows UV-DRS spectra of CdS QDs loaded TiO,
photoanodes prepared with different precursor concentra-
tions and different numbers of SILAR cycles (C1 to C9). The
optical spectra of C1, C2, C3 samples show that the reflec-
tance onset increased from 450 to 500 nm, when SILAR
cycles increased from 3 to 9 at same precursor concentra-
tion of 0.02 M resulted low optical reflectance with SILAR
cycles. Similar effect is observed for the other precursor
concentrations of 0.04 and 0.06 M. From the DRS analysis,
an obvious shift towards visible region is observed when
the number of SILAR cycles increased to 9 at all precursor
concentrations which confirms the effective loading of CdS
QDs on TiO, photoanode. Moreover, low reflectivity can be
seen in the samples with 9 SILAR cycles due to high absorp-
tion by QDs. In particular, maximum red shift is observed
for C9 photoanode with 0.06 M of precursor concentration

(C1)-0.02 M 3 SILAR CdS/TiO,
(€2)-0.02 M 6 SILAR CdS/TiO,
(C3)-0.02 M 9 SILAR CdS/TiO,
(C4)-0.04 M 3 SILAR CdS/TiO,
(C5)-0.04 M 6 SILAR CdS/TiO,
(C6)-0.04 M9 SILAR CdS/TiO 2
(C7)-0.06 M 3 SILAR CdS/TiO _"
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(C8)-0.06 M 6 SILAR CdS/TiO, £
(C9)-0.06 M 9 SILAR CdS/TiO #
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Fig. 1 UV-DRS spectra of CdS QDs loaded TiO, photoanodes
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and 9 SILAR cycles. Therefore, C9 photoanode has been
used for further analysis.

Figure 2a(, ii, iii) shows the SEM images of C7, C8 and
C9 samples. TiO, with larger grain size can be seen from
the SEM image of C7 in Fig. 2a(i) which shows that CdS
QDs are not completely covered on the photoanode surface.
However, the SEM image of C9 samples from Fig. 2a(iii)
shows the complete coverage of ultra-small size CdS QDs

Fig.2 FESEM images of (a)
CdS QDs loaded photoanodes i
C7,ii C8, iii C9; (b) CuS CE i
SILAR, ii Drop casting

(b)

on the TiO, photoanode surface due to the effective loading
of QDs after 9 SILAR cycles of QD deposition. SEM images
further confirm that C9 is an optimized photoanode for fab-
rication of QDSSCs and therefore further analysis is carried
out for C9 photoanode. Figure 2b(i and ii) shows FESEM
images of CuS CEs prepared by SILAR and DROP casting
method. Rod like morphology is obtained for the SILAR
deposited CE, whereas flower-like morphology is observed
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for drop-casted CuS CE. Figure 3a, b shows the high-res-
olution SEM images of CdS loaded photoanode (C9) with
ZnS passivation. The top view of SEM image shows the
homogeneous distribution of CdS QDs on the surface of
photoanode. Figure 3c shows the EDAX spectrum of ZnS
passivated CdS QDs loaded photoanode which confirms the
presence ZnS over CdS loaded TiO, photoanode.

To evaluate the effect of ZnS passivation, the photolumi-
nescence (PL) spectra are recorded for bare TiO, and CdS
QDs loaded photoanodes at different excitation wavelength
of 350, 380 and 400 nm and shown in Fig. 4a—c. In general,
the PL emission is the result of recombination of photogen-
erated electrons and holes. Hence, a weak emission is an
evidence of decreased charge recombination with longer
excitonic lifetime of the carriers [10]. From Fig. 4a—c, the
PL emission for bare TiO, photoanodes, CdS QDs loaded
TiO, photoanodes (C7, C8 and C9) and ZnS passivated C9

Fig.3 Top view of FESEM
images (a and b) and Energy
dispersive X-ray spectra (c) of
CdS loaded TiO, photoanodes
C9 with ZnS passivation layer

104 +

photoanode are observed around 550 nm. The emission
peaks related to CdS QDs are observed in the PL spectra
for the excitation wavelength of 380 and 400 nm (Fig. 4a),
whereas those peaks are not observed in the spectra with
excitation wavelength of 350 nm. The inset in Fig. 4b clearly
shows the CdS QDs-related emission peaks in the visible
region and the intensity of the peak varied with number
of SILAR cycles [27]. Moreover, the peaks are relatively
shifted towards lower wavelength in the ZnS passivated pho-
toanodes due to wide bandgap of ZnS, which confirms its
effective passivation on the QDs surface (Fig. 4c).

Figure 5 shows the Raman spectra of ZnS passivated and
unpassivated CdS QDs loaded photoanodes (C9). Peaks
observed at 146, 398, 517 and 638 cm™! confirm the anatase
phase of TiO, photoanode material [10]. A low intensity
peak was observed at 330 cm™! related to CdS which is
slightly shifted in the ZnS passivated sample. Additionally,

Y
100 nm
Element Wt% At%
OK 14.03 37.65
SK 12.67 16.97
CdL 37.06 14.16
TiK 30.90 27.70
ZnK 05.34 03.51
Matrix Correction | ZAF
dm 15.00 1&.” 1IIIM ZIIDM 2
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the intensity of the Raman peaks decreased for the ZnS pas-
sivated CdS loaded photoanode compared to that of unpas-
sivated photoanode.

Figure 6a and b shows the X-ray diffraction patterns of
ZnS passivated and unpassivated CdS loaded TiO, photo-
anodes (C9). The diffraction peaks of TiO, matches with
JCPDS card no: 21-1272 which confirms the anatase phase
of TiO, and CdS-related diffraction peaks are well matched
with JCPDS card no: 10-454. Additionally, ZnS peaks can
be observed for photoanode with passivation (Fig. 6a) which
confirms effective passivation of ZnS on CdS loaded photo-
anode [27, 28]. Figure 6¢ and d shows the X-ray diffraction
patterns of CE of CuS on FTO substrate prepared by SILAR
and drop casting method. The diffraction peaks correspond
to hexagonal CuS are well matched with JCPDS card no.
79-2321 [26]. Further, the diffraction peaks related to FTO
substrate are also observed for both photoanodes and CEs.

Figure 7a shows the J-V curves of QDSSCs fabricated
using modified electrolyte with different vol% of TEOS and



Journal of Applied Electrochemistry (2021) 51:1111-1122

117
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Fig.6 XRD diffraction patterns of (a) ZnS passivated C9, (b) C9, (c)
SILAR deposited CuS on FTO, (d) CuS deposited by drop casting on
FTO

Pt CE. From the J-V curves, various photovoltaic param-
eters (photoconversion efficiency (PCE), Fill factor (FF),
open circuit voltage (V) and short circuit current density
(J,.)) are extracted and tabulated in Table 1. From the J-V
curves, it is found that the efficiency of QDSSC increased to
1.8% when TEOS vol% increased up to 2.5% in electrolyte.
Figure 7b shows the variation of V and J, of QDSSC as
a function of TEOS concentration in the modified electro-
lyte. Both J . and V. of QDSSC increased reasonably with
increase of TEOS content in the polysulphide electrolyte and
approached the peak values for 2.5 vol% of TEOS. When
the TEOS content increased beyond 2.5 vol%, J, and V
are started to decline gradually and thereby the efficiency
of cells decreased. Figure 7c shows the variation of PCE
and FF of QDSSC as a function of TEOS concentration in
the modified electrolyte. At higher concentration of TEOS,
silicates are accumulated in the electrolyte which affected
the redox potential thereby J.. and PCE decreased [9]. From
J-V analysis, 2.5 vol% of TEOS is considered as an opti-
mum concentration for modifying the standard polysulphide
electrolyte and used the same for further study. To study the
role of TEOS in the performance of QDSSC operation, J-V
and EIS analyses were performed for CdS QDSSC without

10
(a) 1 et CdS/ZnS$/(0% TEOS +std clectrolyte)/Pt
2 @ CdS/ZnS/(1% TEOS +std electrolyte)/Pt
3 —— CdS/ZnS/(1.5% TEOS +std electrolyte)/Pg
8 4 === CdS/ZnS/(2% TEOS +std electrolyte)/Pt
ﬁ'lE 5 —— CdS/ZnS/(2.5% TEOS +std electrolyte)/Pg
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=
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Fig.7 (a) J-V curves (b) variation of average V. and J,, (c) variation of PCE and FF of CdS QDSSCs with various concentrations of TEOS in

the modified polysulphide electrolyte
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Table 1 J-V characteristics of

QDSSC with different vol% Cell configurations Ve (V) Ji. (mA cm™?) Fill Factor Efficiency (%)
of TEOS added polysulphide TiO,/CdS/ZnS/Es + 0% TEOS/Pt 0.42 7.67 0.335 1.09
electrolyte and Pt CE Ti0,/CdS/ZnS/Es + 1% TEOS/Pt 0.43 7.74 0.344 115
TiO,/CdS/ZnS/Es +1.5% TEOS/Pt 0.44 8.10 0.413 1.49
TiO,/CdS/ZnS/Es +2% TEOS/Pt 0.51 8.72 0.345 1.55
TiO,/CdS/ZnS/Es +2.5% TEOS/Pt 0.51 8.52 0.422 1.86
TiO,/CdS/ZnS/Es +3% TEOS/Pt 0.49 5.26 0.454 1.18
TiO,/CdS/ZnS/Es +3.5% TEOS/Pt 0.47 5.14 0.439 1.07
E's standard electrolyte
(a) (b)
10 4000
I ~8—Ti0, /CdS/std electrolyte/Pt I — TiO, /CdS/std electrolyte/Pt
e 11 —e—rio, rcasi(sta etectrolytes25 vor % TEoSyPd 3500 - ]I —#— Tio, /Cdsi(std electrolyte+2.5 vol % TEOS)Pt
Es
< 3000 4
< [ RN
g 2500 R 7
2°7 £
e 2 2000 ~
g E
3 =
Z 44 N 1500 -
o II
= 1000 -
=
=2-
O 500 -
I
T T T T 0 ) ) ) \J ) J
00 o o2 03 04 0 0 500 1000 1500 2000 2500 3000 3500 4000
Voltage/V Zg./ohm

Fig.8 (a) J-V characteristics (b) EIS spectra, of CdS-based QDSSCs using Pt CE with TEOS-free and TEOS-modified electrolytes (inset of b

EIS fitting equivalent circuit)

Table 2 J-V characteristics and

Cell configurations \% J. Fill facto Efficiency (% R, (Q R, (Q
EIS parameters of CdS-based guratt oe (V) (rsrc1 A cm™?) ' ' iency (%) s (@ o (@)
QDSSCs using Pt CE with
TlEOS-lfree and TEOS-modified  Tj0,/CdS/Es/Pt 0358 8.8 0.39 1.14 1407 2923
electrolytes TiO,/CdS/Es+2.5% TEOS/Pt 0435 829 0.41 1.50 1168 4504

Es standard electrolyte

ZnS passivation and shown in Fig. 8a, b and corresponding
values are tabulated in Table 2. As can be seen from J-V
curves, the QDSSC with TEOS-modified electrolyte shows
improved performance compared to the cell without TEOS.
The addition of TEOS in polysulphide electrolyte resulted
the in situ passivation, which improved PCE of QDSSC from
1.1 to 1.5%. From EIS analysis high charge transfer resist-
ance (R,) is observed for the TEOS-modified electrolyte.
From the results, it is confirmed that the addition of TEOS
to the electrolyte at an optimum concentration has a posi-
tive effect in CdS QDSSC by providing additional passiva-
tion. Therefore, 2.5 vol% of TEOS-modified polysulphide

@ Springer

electrolyte is identified as a promising electrolyte and used
for further studies.

To further improve the PCE, QDSSCs were fabricated
by replacing Pt CE with CuS CE. The cells were fabricated
using CuS CEs prepared by SILAR and drop casting meth-
ods. Moreover, to study the effect of modified electrolytes,
the CuS CE-based cells were fabricated with and without
TEOS in the electrolyte. Figure 9a shows the J-V curves
of CuS CE-based QDSSCs with standard electrolyte and
2.5 vol% TEOS-modified electrolytes. The obtained PCE
(), Vyer Jg» and FF are summarized in Table 3. It can be
observed from Fig. 9, that all the QDSSCs exhibited rela-
tively higher performance with CuS CE. Moreover, the J . of
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Fig.9 J-V characteristics (a) and EIS spectra (b) of CdS-based
QDSSCs with CuS (SILAR) and CuS (Drop-casted) CEs

the cells are one order increased compared to the cells with
Pt as CE (Table 1) which resulted high conversion efficiency.
Furthermore, the J of cells with drop-casted CuS CE sig-
nificantly improved compared to the cells with SILAR CuS
CE. As a result, the cells with drop-casted CuS CE-based
QDSSC with TEOS-modified electrolyte exhibited high

efficiency of 5.5% compared to that of SILAR CdS-based
QDSSC (3.41%).

Figure 9b shows the EIS spectra of cells with drop-casted
CuS and SILAR CuS CEs. From EIS spectra, it is clear that
R., and equivalent series resistance (R,) of cells with drop-
casted CuS CE are relatively lower than that of cells with
SILAR CuS CE as the diameter of the semicircle decreased
for drop-casted CuS CE-based QDSSCs. Due to low inter-
nal resistance, the QDSSC with drop-casted CuS CE shows
relatively high efficiency compared to SILAR CuS-based
QDSSC [25, 28].

The cell fabricated using drop-casted CuS CE and TEOS-
modified electrolyte shows the best performance with V,
0.543 V, J,. 19.33 mA cm™2, FF 0.523 and PCE of 5.5%.
The PCE is far better when compared to the performance
of Pt CE-based QDSSC which shows the PCE of 1.86%.
The poor performance of QDSSC with Pt CE is mainly
attributed to its affinity towards S>~ ions which slow down
the catalytic activity of Pt and rapidly decreases the charge
transfer rate [26]. Due to this fact, Pt has poor reduction rate
of S,27, resulting in depletion of S~ in the photoanode area
and reduces QD regeneration rate. However, the QDSSCs
with CuS CEs prepared by both the methods show relatively
higher performance due to low R and R, as observed in EIS
spectra (Fig. 9b). The excess adsorption of S onto the Pt
CE surface by chemisorption leads to a phenomenon called
‘catalytic poisoning’ resulting in higher resistance [12, 25].
Therefore, electrocatalytic process is limited by the higher
internal resistance of Pt which makes CuS as an inevitable
alternate CE for QDSSCs.

The EIS analysis of passivation-free QDSSC with
TEOS-modified electrolyte and Pt CE throw more light
on the role of TEOS in improving the cell performance.
Figure 8b shows the Nyquist plots of the symmetric
cells with and without TEOS in the frequency range of
0.1 Hz to 500 kHz. As can be seen from Figs. 8b and
9b, the diameter of the semicircle increased for the cell
with TEOS-modified electrolyte compared to cell with
TEOS-free polysulphide electrolyte. The larger diam-
eter of semicircle refers the higher R, which results less
recombination at the electrolyte/photoanode interfaces

Table 3 J-V characteristics and EIS parameters of CdS QDSSC with CuS (SILAR), CuS (Drop-casted) CE with TEOS-free and TEOS-modified

electrolytes

Cell configurations Ve (V) Joe Fill factor Efficiency (%) R, (Q) R, (Q)
(mA cm™?)

TiO,/CdS/ZnS/Es/CuS (SILAR) 0.480 13.14 0.488 3.08 16.77 6.44

TiO,/CdS/ZnS/Es +2.5% TEOS/CuS (SILAR) 0.480 13.69 0.519 341 13.23 10.21

TiO,/CdS/ZnS/Es/CuS (Drop) 0.537 12.11 0.557 3.62 10.81 9.87

TiO,/CdS/ZnS/Es +2.5% TEOS/CuS (Drop) 0.543 19.33 0.523 5.5 9.94 11.97

#Es = standard electrolyte
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Fig. 10 Schematic diagram for
electron transfer mechanism of
ZnS passivated CdS-sensitized
QDSSC with TEOS additive

added polysulphide electrolyte

thereby improve the performance of the cell. When TEOS
added into the polysulphide electrolyte solution, it may be
transformed into silica or silicon hydroxide by means of
hydrolysis reaction in the strong base electrolyte solution
[9]. These particles adsorbed on the surface of CdS QDs

@ Springer

through the hydroxyl groups and acted as a passivating
layer, which suppressed the recombination process [8]. At
an optimum concentration of TEOS (2.5 vol%) with poly-
sulphide electrolyte, it supresses back electron transfer
and thus enhances overall performance of QDSSC. The
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larger diameter of EIS semicircle further confirms the
surface passivation of QDs with high R,. Higher values
of Rct obviously rise up a challenging situation for the
electrons in the photoanodes to recombine with the holes
in electrolyte, leading to a reduced charge recombination.
Moreover, the replacement of Pt by CuS CE reduces R
which results relatively high performance of the QDSSCs
[25, 26]. Further the schematic representation of QDSSC
configuration with TEOS-modified electrolyte is shown
in Fig. 10. The suppression of back electron transfers
along with improved passivation resulted from in situ pas-
sivation of silica from TEOS additive greatly enhanced
the overall cell performance. Therefore, it can be sum-
marized that the QDSSC with TEOS-modified electrolyte
and drop-casted CuS CE shows the highest efficiency of
5.5%. The experimental results demonstrated the feasibil-
ity of further improvement in PCE of QDSSC by modify-
ing the electrolyte and CE which paves an elegant way for
QDSSC:s to gain future photovoltaic market.

4 Conclusion

QDSSCs were fabricated by modifying the electrolyte and
CEs. The effective loading of QDs onto the TiO, photoan-
odes was confirmed by UV-DRS analysis. The J-V charac-
teristics of CdS-based QDSSC with optimum photoanode
along with passivating layer were studied by adding dif-
ferent vol% of TEOS into polysulphide electrolyte and the
cells with 2.5 vol% of TEOS have shown an improved effi-
ciency of 1.6% with Pt CE. Further, on replacing Pt CE by
CusS, the efficiency of QDSSC has improved significantly
to 5.5%. The role of TEOS on improving the photovoltaic
performance of QDSSC was explored by EIS analysis. The
addition of TEOS effectively improves the passivation of
QDs thereby suppress the recombination of charge carriers
which resulted high efficiency of QDSSCs.
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