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Abstract
Semiconductor quantum dots (Q-dots) are attractive nanomaterials to be used in numerous research areas and device
fabrication such as sensors, light-emitting diodes, transistors, and solar cells due to their unique optoelectronic
properties. Quantum dot-sensitized solar cells (QDSSCs) have drawn considerable attention due to their cost-
effectiveness and ability of multiple exciton generation and tunable energy gap of the quantum dots. In this study,
plasmonic Ag colloidal nanoparticle-incorporated plasmonic TiO2 double-layer (nanofiber/nanoparticle) electrodes
have been fabricated. These TiO2 electrodes were sensitized with PbS/CdS core-shell quantum dots by successive
ionic layer adsorption and reaction (SILAR) technique, and QDSSCs were fabricated with polysulfide electrolyte.
Cu2S was formed on brass plate and used as the counter electrode of the QDSSC. A higher power conversion
efficiency of 4.09% has been obtained due to the plasmonic effect under the simulated light of 100 mW cm−2 with
AM 1.5 spectral filter. The overall efficiency and short-circuit current density of the plasmonic QDSSC are enhanced
by 15% and 23%, respectively, with respect to the QDSSC without Ag nanoparticles. The enhanced performance of
the plasmonic QDSSC is evidently due to the enhanced optical absorption by localized surface plasmon resonance
effect by the Ag nanoparticles in the TiO2 photoanode and the resulting increase in the short-circuit photocurrent.
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Introduction

Quantum dot-sensitized solar cells (QDSSCs) have
gained extensive attention in the area of solar energy
conversion devices due to their low production cost
and excellent properties of quantum dots such as the
ability of multiple exciton generation (MEG), tunable
energy gap due to the quantum confinement effect,
and high molar extinction coefficients [1, 2]. In a dye-
sensitized solar cell (DSSC), dye molecules act as pho-
ton absorbers whereas in the case of QDSSC, dye mol-
ecules are replaced by the quantum dots. The energy
conversion principle of the QDSSC is also similar to
the DSSCs with respect to photon absorption, exciton
generation, charge carrier injection, and regeneration.
However, quantum dots have the ability to create more
than one electron-hole pair by a single photon. Photon
absorption of quantum dots can be controlled by chang-
ing the size of the quantum dots and also by combining
different types of quantum dots [3, 4]. Several different
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types of QDSSCs have been reported employing several
types of semiconductor quantum dots such as CdS,
CdS/CdSe, PbS, CdTe, and CdSe/CdS/PbS [4–8]. In
these devices, TiO2 and ZnO semiconductor nanostruc-
tures have generally been used to fabricate the
photoanodes. Spin coating, ink-jet printing, chemical
bath deposition (CBD), and successive ionic layer ad-
sorption and reaction (SILAR) are the commonly used
techniques to deposit quantum dots in the semiconduc-
tor nanostructures [1, 9, 10].

In order to enhance the performance of the QDSSC,
one can modify the structure of the photoanode or the
electrolyte or the counter electrode. Usage of different
photoanode nanostructures in QDSSCs have been re-
ported. Among them, TiO2 nanotubes, TiO2 nanofibers,
ZnO nanowires, TiO2 nanoparticles/nanotubes double
layer, and TiO2 nanoparticles/nanofibers/nanoparticle
triple-layer-based photoanodes have attracted much at-
tention during the recent past [11–14]. Several studies
have been reported on plasmonic enhancers in organic
and inorganic solar cells. The collective oscillations of
the free electrons at the surface of a metal nanostructure
are known as surface plasmons. Au and Ag plasmonic
enhanced InAS/GaAs quantum dot-sensitized solar cells
with high efficiency have been reported [15]. In another
study, power conversion efficiency of dye-sensitized so-
lar cells has been enhanced up to 7.49% by incorpora-
tion of Au plasmonic nanoparticles [16]. Effect of shape
and size of plasmonic enhancers have also been studied
in organic polymer solar cells [17, 18]. Effect of plas-
monic Ag nanocubes has been reported in ZnO
nanowire-based PbS quantum dot-sensitized solar cell
with an efficiency of 6.03% [19]. Recently, Au plas-
monic nanoparticle enhanced PbS quantum dot-
sensitized solar cells have been reported with a sixfold
efficiency enhancement [20].

In this study, near spherically shaped Ag nanoparti-
cles were synthesized and characterized. PbS/CdS core-
shell structure quantum dot-based TiO2 nanofiber/
nanoparticle double-layer photoanodes have been fabri-
cated with and without synthesized Ag plasmonic nano-
particles. QDSSCs were fabricated with liquid-based
polysulfide electrolyte, and the effect of localized sur-
face plasmon resonance of Ag nanoparticle on photocur-
rent has been studied. As far as we are aware, this is
the first report of using Ag nanoparticles in a DSSC
sensitized with PbS/CdS core-shell semiconductor Q-
dots incorporated into a double-layer TiO2 photoanode
structure consisting of TiO2 nanoparticles and TiO2

nanofibers aimed at enhancing light absorption by mul-
tiple effects.

Experimental

Materials

Fluorine-doped tin oxide (FTO)-coated glass (8 Ω cm−2,
Solarnoix), Triton X-100 (Sigma-Aldrich), titanium(IV)
isopropoxide (97%, Fluka), propan-1-ol (99.9%,
Fisher), glacial acetic acid (99%, Fisher), titanium diox-
ide P90 powder (Evonik), titanium dioxide powder P25
(Degussa), hydrochloric acid (37%, Sigma-Aldrich),
polyethylene glycol (99.8%, Sigma-Aldrich), methanol
(99.8%, Sigma-Aldrich), trisodium citrate dihydrate
(99%, Sigma-Aldrich), sulfur (99%, Daejng), silver ni-
trate (> 99, Sigma-Aldrich), potassium chloride (99%,
Aldrich), N,N-dimethyl formamide (99%, Sigma-
Aldrich), sodium sulfide hydrate (> 60%, Sigma-
Aldrich), cadmium(II) chloride (99.99%, Sigma-
Aldrich), and lead(II) nitrate (99%, Sigma-Aldrich) were
used as received without any modification.

Synthesis of Ag nanoparticles

Ag colloidal nanoparticles (NPs) were synthesized by
the citrate reduction method. Initially, 0.1 g of trisodium
citrate dihydrate was dissolved in 10 ml deionized wa-
ter. One milliliter of this solution was added to the
boiled 1 mM silver nitrate aqueous solution, and the
mixture was continuously stirred until the solution be-
came deep orange in color. Then, the resulting Ag
nanoparticle colloidal solution was allowed to cool
down to room temperature.

Preparation of TiO2 double-layered photoanode

TiO2 compact layer (CL) was first deposited on
precleaned, fluorine-doped, tin oxide (FTO) glass sub-
strates by spin coating using precursor solution prepared
from titanium(IV) isopropoxide. The solution was spin
coated for 1 min with 3000 rpm. The substrate was then
sintered at 450 °C for 45 min. In order to make the CL
pinhole-free, TiO2 P90 paste was prepared with 0.25 g
of TiO2 P90 powder and 1 ml of HNO3 and spin coated
on the FTO/TiO2 CL with 3000 rpm for 1 min, and the
electrode was again sintered at 450 °C for 45 min and
then allowed to cool to room temperature. A TiO2 P25
nanoparticle paste was prepared with 0.25 g of TiO2

P25 powder, 0.05 g of polyethylene glycol, 1 drop of
Triton X-100, and 1 ml of 0.1 M HNO3. TiO2 P25
nanoparticle paste with Ag nanoparticles was deposited
on electrode FTO/TiO2 CL/TiO2 P90 by doctor blading
method on TiO2 P90 layer, and the resulting FTO/TiO2
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CL/TiO2 P90/TiO2 P25 composite electrode was sintered
at 450 °C for 45 min. Finally, on top of the TiO2 P25
nanoparticle layer, a TiO2 nanofiber (NF) layer was
electrospun and the composite FTO/TiO2 CL/TiO2 P90/
TiO2 P25/TiO2 NF photoanode was sintered at 450 °C
for 45 min.

For the synthesis of TiO2 nanofiber (NF) layer, a
precursor solution containing 0.75 g of polyvinyl ace-
tate, 1.5 ml of titanium(IV) isopropoxide, 0.5 ml of
g l a c i a l a c e t i c a c i d , a n d 9 . 5 m l o f N , N -
dimethylformamide (DMF) was electrospun on the
FTO/CL/TiO2 P90/TiO2 P25 layer using electrospinning
technique (NaBond Technologies, Hong Kong). During
the electrospinning, rate of solution flow was kept at a
constant value of 2 ml/h. The potential difference and
distance between the spray gun and TiO2 electrodes
were kept at 20 kV and 6.5 cm, respectively.
Electrospinning process was continued up to 20 min
for an optimized thickness of nanofiber layer, and
FTO/CL/TiO2 P90/TiO2 25/TiO2 NF electrodes were
sintered at 450 °C for 45 min. Amount of Ag nanopar-
ticles was optimized by testing preliminary test solar
cells and that optimized amount of Ag colloidal solution
was incorporated to the TiO2 electrodes.

Incorporation of PbS/CdS core-shell quantum dots

Incorporation of PbS/CdS core-shell quantum dots in to the
TiO2 nanostructure (TiO2 CL/TiO2 P90/TiO2 25/TiO2 NF)
was done by using SILAR method. In order to get a higher
efficiency, number of SILAR cycles were optimized for PbS/
CdS combination. For the deposition of PbS quantum dots,
aqueous solutions of 0.1 M Pb(NO3)2 and 0.1 M Na2S were
used as cationic and anionic precursor solutions. Two SILAR
cycles were done with 1 min per each dipping for PbS quan-
tum dots. For the deposition of CdS quantum dot shell struc-
ture over the PbS quantum dots, aqueous solutions of 0.1 M
CdCl2 and 0.1 M Na2S were used as cationic and anionic
precursor solutions. Four SILAR cycles were done with
1 min per each dipping for CdS quantum dots. Finally, the
photoanodes were dried at 80 °C.

Preparation of the electrolyte

Liquid polysulfide electrolyte was prepared by the following
method. Sulfur (2 M), 2 M Na2S, and 0.2 M KCl were dis-
solved in a mixture of deionized water and methanol in the
ratio of 3:7 (v/v). The mixture was continuously stirred until a
clear solution was obtained.

Preparation of the counter electrode

A 2 cm × 1 cm brass plate was cleaned by dipping it in
concentrated HCl at 80 °C. Cleaned surface was masked leav-
ing a 6 mm × 6 mm area. Cu2S was formed on the unmasked
area by applying appropriate amount of polysulfide
electrolyte.

Fabrication of QDSSC

Cu2S counter electrode was placed on the effective area
of the photoanode, and appropriate amount of polysul-
fide electrolyte was injected between the two electrodes.
Both electrodes were held together by using steel clips.
A schematic diagram of the structure of the plasmonic-
enhanced TiO2 nanoparticle/nanofiber double-layer-based
quantum dot-sensitized solar cell is shown in Fig. 1.

Characterizations

Surface morphology of the electrodes and nanoparticles
were examined by using ZEISS EVO Scanning Electron
Microscope and JEOL JEM-2100 high-resolution trans-
mission electron microscope (HRTEM) with an acceler-
ating voltage of 200 kV. Energy-dispersive X-ray (EDX)
spectra were obtained from Ametek EDAX module with
Octane T Optima-60 EDX detector in TEM mode.
Optical absorption spectra were obtained by Shimadzu
2450 UV–Vis spectrophotometer in the wavelength in-
terval from 350 to 1100 nm. Current–voltage character-
ization of each QDSSC were done under simulated light
of 100 mW cm−2 with AM 1.5 filter using a computer-
controlled multi-meter (Keithley 2000 model) coupled

Fig. 1 Schematic diagram of a
quantum dot-sensitized,
plasmonic solar cell with a TiO2

nanoparticle/nanofiber double-
layer photoanode structure
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with potentiostat/galvanostat unit (HA-301). The effective area
of the QDSSC was 0.25 cm2. In order to study the interface
resistances of the QDSSCs, impedance spectra of each QDSSC
was obtained by performing electrochemical impedance spec-
troscopy (EIS) under the simulated light of 100 mW cm−2 with
AM 1.5 spectral filter by using Autolab potentiostat/galvanostat
PGSTAT128 N with a frequency response analyzer (Metrohm)
in the frequency between 0.01 Hz and 1 MHz.

Results and discussion

Figure 2 shows the absorption spectrum of the colloidal Ag
nanoparticles. It shows a broad absorption in the visible region
having a maximum around 425 nm. The average size of the Ag
nanoparticles was estimated by using the wavelength corresponds
to the absorption peak maximum and found to be in between 30
and 40 nm [21]. This was further confirmed by the HRTEM.

Figure 3 displays the TEM image of the Ag nanoparticles.
According to the TEM image, average size of the Ag nanoparti-
cles is between 30 and 40 nm in agreement with the average
particle size calculated based on the optical absorption spectrum.

Figure 4 shows the EDX spectrum of the TiO2 electrode
containing Ag nanoparticles. Confirming the existence of the
Ag nanoparticles. According to the EDX data, amount of the
Ag nanoparticle in the TiO2 electrode is estimated to be 0.36%
(by weight).

Figure 5 displays the optical absorption spectra of
TiO2 double-layered electrode (curve 1) and TiO2

double-layered electrode with Ag nanoparticles and
PbS/CdS quantum dots (curve 2). Clearly curve 2 shows
enhancement in optical absorption throughout the entire
wavelength region due to the incorporation of CdS and
PbS in the photoanode. The contribution from plasmon-
ic effect due to Ag nanoparticles is clearly visible in the
broadened spectrum in the 350 to 550 nm region in
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Fig. 2 Optical absorption spectrum of synthesized Ag colloidal
nanoparticles

Fig. 3 TEM image of synthesized
Ag nanoparticles
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agreement with Fig. 2 [21, 22]. The contribution from
PbS is clearly shown as a broadened peak in the near
infrared region from 900 to 1100 nm [14].

Figure 6 displays the surface morphology of the TiO2

nanoparticle layer and TiO2 nanofiber layer. Nanofibers are
expected to enhances the light absorption by multiple
scattering effects within the nanofiber structure and by the
interface between the nanofiber/nanoparticle layer as already
reported previously by our group [14, 23, 24].

Figure 7 shows the morphology of the PbS/CdS
quantum dots in the TiO2 nanostructure. This proves
the presence of PbS/CdS quantum dots in the
photoanode. Previously, HRTEM images with very sim-
ilar features have also been reported by several other
researchers confirming the presence of the different
combinations of quantum dots in this way [25, 26].

Figure 8 represents the EDX elemental maps of Ti,
Ag, Pb, Cd, and S of the photoanode, and Fig. 9 dis-
plays the corresponding EDX spectra of the photoanode.
This confirms the existence of quantum dots and Ag
nanoparticles in the TiO2 photoanode.

Variation of power conversion efficiency of the solar
cells with number of SILAR cycles is given in Table 1.
Photoanode sensitized with 2 SILAR cycles of PbS and 4
SILAR cycles of CdS shows better efficiency. When the
number of PbS SILAR cycles increased beyond 2, the effi-
ciency decreases as it occupies available nanoporous space
in the TiO2 electrode and not enough space is available for
the formation of PbS/CdS quantum dots. When CdS SILAR
cycle increases beyond 4, the efficiency decreases due to
the increased thickness of the shell which obstructs the
electron transfer through the shell.

Current–voltage characterization is an important mea-
surement to evaluate the performance of the solar cells
which gives the photovoltaic parameters of the solar
cells. Power conversion efficiency can be calculated
using the following equation.
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Fig. 4 EDX spectrum of the TiO2

electrode with Ag nanoparticles

400 500 600 700 800 900 1000 1100

0.0

0.5

1.0

1.5

2.0

1 - TiO2 double layer 

2 - TiO2 double layer with Ag NPs/PbS/CdS

2

)
u.a(

n
oit

pr
os

b
A

Wavelength (nm)

1
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nanoparticle incorporated TiO2 double layer sensitized with PbS/CdS
quantum dots (curve 2)
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Fig. 6 Surface SEM images of
the TiO2 nanoparticle layer (left)
and TiO2 nanofiber layer (right)
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Fig. 7 a TEM and b HRTEM
images of the PbS/CdS quantum
dots incorporated in the TiO2

nanostructure photoanode
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η ¼ JSC:VOC:FF
PIN

� 100%

where VOC is the open-circuit voltage, JSC is the short-
circuit current density, FF is the fill factor, and PIN is
the incident power density.

In a QDSSC, semiconductor quantum dots behave as
light absorbers or sensitizers and create excited electron-
hole pairs or excitons. In this study, PbS and CdS act as
such sensitizers. Figure 10 depicts the mechanism of the
PbS/CdS quantum dot-sensitized solar cell.

According to the schematic diagram of the PbS/CdS
QDSSC, PbS quantum dots absorb photons in the near-
infrared region and CdS quantum dots absorb photons in the

visible region. Both quantum dots create the electron-hole
pairs. Electrons in the conduction band of the CdS are trans-
ferred to the conduction bands of the PbS and TiO2. Electrons
in the conduction band of the PbS are transferred in to the
conduction band of the TiO2. Due to this mechanism,
electrons are injected to the conduction band of TiO2

from PbS/CdS quantum dots. These electrons are trans-
ferred through the FTO and external circuit and reached
the Cu2S counter electrode. Due to the action of the
polysulfide redox couple, the quantum dots are regenerated
[27, 28]. In the presence of Ag nanoparticle, it collects the
photons by LSPR effect and generates a strong oscillating
electric field. This localized electric field enhances the photo-
current by exciting electrons [29].

Fig. 8 a Selected area for mapping and elemental mapping of b Ti, c Ag, d Pb, e Cd, and e S

Fig. 9 EDX spectrum of the
composite TiO2 photoanode
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Figure 11 exhibits the current–voltage characteristics
of the QDSSCs fabricated with TiO2 double-layer
photoanode structure and Ag nanoparticle incorporated
TiO2 double-layer photoanode structure under the simu-
lated light of 100 mW cm−2 with AM 1.5 spectral filter.
The Ag nanoparticle incorporated nanostructure-based
QDSSC shows better performance. This is evidently
due to the efficient light absorption by localized surface
plasmon resonance (LSPR) of Ag nanoparticles as re-
ported by many previous studies [15, 19, 29]. When
the frequency of the incident photons matches with the
frequency of free electrons on the surface of metal
nanostructures, it will lead to collective oscillations of
the electrons and this oscillation is defined as localized
surface plasmon resonance. Frequency of the LSPR is
determined by size and shape of the plasmonic nano-
structure, interparticle distance, amount of the particles,

and dielectric constant of the surrounding material [30]
(Table 2).

According to these observations, the overall efficien-
cy and short-circuit current density of the QDSSC are
enhanced by 15% and 23%, respectively, due to the
plasmonic effect. Plasmonic nanoparticles involve scat-
tering process, and absorption in solar cells depends on
the size and shape of the nanoparticles. According to
literature, plasmonic nanoparticles of less than 50 nm
size are expected to make a significant contribution to
the light absorption process [31, 32]. Average size of
synthesized Ag nanoparticles in this study is estimated
to be between 30 and 40 nm. In a QDSSC, quantum
dots behave as light absorbers creating excitons. In the
presence of plasmonic Ag nanoparticle, it collects the

Table 1 Variation of efficiency of QDSSCs with different number of
SILAR cycles

SILAR cycles
for PbS

SILAR cycles
for CdS

Current density
(mA cm−2)

Efficiency (%)

2 0 8.32 1.52 ± 0.09

2 1 9.12 2.13 ± 0.12

2 2 10.53 2.86 ± 0.17

2 3 11.48 3.41 ± 0.08

2 4 12.07 3.55 ± 0.11

2 5 11.96 3.48 ± 0.07

3 0 8.56 2.02 ± 0.19

3 1 9.04 2.98 ± 0.21

3 2 10.24 3.01 ± 0.16

3 3 11.01 3.12 ± 0.23

3 4 10.11 3.28 ± 0.18

3 5 9.89 3.06 ± 0.07

Fig. 10 Schematic diagram of the PbS/CdS-sensitized solar cells
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Fig. 12 Nyquist plots of PbS/CdS quantum dot-sensitized solar cells
under simulated light of 100 mW cm−2 with AM 1.5 filter
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photons by LSPR effect and generate a strong oscillat-
ing electric field. This localized electric field enhances
the photocurrent by exciting electrons in the sensitizers
[20]. Therefore, Ag nanoparticles have clearly contribut-
ed to the optical absorption process and enhanced the
performance of the QDSSC by increasing the short-
circuit photocurrent.

From the electrochemical impedance measurements,
Nyquist plots with Z´ versus Z were obtained for the
QDSSCs as mentioned before. Nyquist plots of each
QDSSC were analyzed by fitting the parameters with
an equivalent circuit using NOVA 1.11 analyzing soft-
ware, and series resistance and interface resistances
were estimated. Figure 12 displays the Nyquist plots
of the QDSSCs obtained from the impedance measure-
ments with an equivalent circuit. As it is well
established that the smaller semicircle appears in the
higher frequency region is ascribed to the charge trans-
fer resistance (R1CT) of the electrolyte/counter electrode
interface. The larger semicircle in the intermediate fre-
quency region is associated to the charge transfer resis-
tance (R2CT) of the quantum dot-loaded TiO2 electrode/
electrolyte interface Rs is the series resistance of the
devices and CPE1 and CPE2 are the constant phase el-
ements and W is the finite Warburg impedance element
[33].

Estimated electrochemical impedance parameters
which were obtained from the equivalent circuit fitting
are listed in Table 3. Ag nanoparticle incorporated
photoanode shows a lower series resistance Rs and a
lower charge transfer resistance (R1CT) compared to the
controlled QDSSC leading to an efficient electron trans-
fer at the photoanode/electrolyte interface and thereby
enhancing the photocurrent. Bode phase plots of the
QDSSCs are displayed in Fig. 13. Electron lifetimes
can be calculated using the following equation.

τ ¼ 1

2π f max

fmax values are obtained from the Bode phase plots.
Calculated life time (τ) values are given in Table 4.

The electrons in the Ag incorporated photoanode have lon-
ger lifetime which reduces the recombination compared to the
controlled electrode. Electrons can effectively transfer with less
recombination resulting in a higher short-circuit current [34].

Conclusions

We have fabricated solar cells with TiO2 nanofiber/TiO2

nanoparticle double-layer photoanode sensitized with
PbS/CdS core-shell structure. To enhance the efficiency
of these QDSSCs further, we have synthesized colloidal
Ag nanoparticles and incorporated into the TiO2 nano-
structure. These plasmonic QDSSCs exhibit a high effi-
ciency of 4.09% which can clearly be attributed to the
enhanced optical absorption by localized surface plas-
mon resonance effect by the Ag nanoparticles in the
TiO2 photoanode coupled with improved light absorp-
tion by multiple scattering effect due to the double-
layer TiO2 photoanode. Both these factors have in-
creased the short-circuit photocurrent.

Table 2 Photovoltaic parameters of PbS/CdS QDSSCs

Photoanode JSC (mA cm−2) VOC (mV) FF (%) Efficiency (%)

Without Ag NPs 12.07 630.0 46.67 3.55 ± 0.11

With Ag NPs 14.85 627.7 43.90 4.09 ± 0.17

Table 3 Electrochemical impedance parameters of the QDSSCs

Photoanode RS (Ω) R1CT (Ω) R2CT (Ω)

Without Ag NPs 18.1 25.3 9.5

With Ag NPs 16.9 6.4 21.2
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Fig. 13 Bode plots of QDSSC (a) with Ag nanoparticles and (b) without
Ag nanoparticles

Table 4 Comparison of electron lifetime and photovoltaic parameters
of QDSSCs

Photoanode τ (ms) JSC (mA cm−2) Efficiency (%)

Without Ag NPs 6.65 12.07 3.55 ± 0.11

With Ag NPs 12.07 14.85 4.09 ± 0.17
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