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Abstract
Lead sulfide (PbS)-sensitized quantum dot solar cells (QDSC) were fabricated using TiO2 and TiO2–Au plasmonic nano-
composite films by successive ionic layer adsorption and reaction (SILAR) method. The average size of gold nanoparticles 
(GNPs) used for fabricating nanocomposite films was ~ 15 nm. Thin plasmonic QDSC, with a film thickness of 10 µm, showed 
an increase of ~ 11% in photocurrent and ~ 6% in overall energy conversion efficiency compared to the device without GNPs. 
The improved performance of QDSCs is attributed to the increased absorption due to the plasmonic near-field effects of the 
incorporated GNPs. High-efficiency PbS/CdS-co-sensitized thick cells with 16 µm bilayer TiO2 also showed improvement 
in photocurrent and efficiency. The results show that the plasmonic-enhanced absorption can be used to augment efficiency 
of QDSC devices in much the same fashion as that of dye-sensitized solar cells.
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Introduction

The sensitized solar cell technology is a versatile technique 
which offers the flexibility to use various kinds of sensi-
tizers and provides an opportunity to make extremely thin 
devices. The recent progress in the field of perovskite solar 
cells (PSCs) has renewed the interest in quantum dot-sen-
sitized solar cells (QDSCs) (Ye et al. 2015; Grätzel 2014). 
The origin of these types of solar cells can be traced back 
to the dye-sensitized solar cells (DSSCs). The successive 
ionic layer adsorption and reaction (SILAR) and chemical 
bath deposition (CBD) methods are simple and cost-effec-
tive ways of fabricating QDSCs. Many types of sensitized 
cells including CdS, CdSe, and PbS QDSCs have been fab-
ricated using these techniques (Shengyuan et al. 2012; Duan 
et al. 2015). A combination of one or more of cadmium/lead 
chalcogenides is used for broadband solar spectrum absorp-
tion (Gonzalez-Pedro et al. 2013). In addition, a ZnS layer 
is applied using SILAR method to passivate the surface of 

CdX/PbX quantum dots. This ZnS layer has been shown to 
improve performance of the QDSCs (Hachiya et al. 2012). 
QDSCs have the ability to provide large current values 
because of the low band-gap materials used in their fabrica-
tion which allow the harvesting of red/near infra-red (NIR) 
portion of the solar spectrum.

The use of metal nanoparticles (NPs) to improve the effi-
ciency of dye-sensitized solar cells (DSSCs) has been stud-
ied by a number of research groups (Chander et al. 2014a, b; 
Dang et al. 2013; Brown et al. 2011). It has been observed 
that small metal NPs (diameter < 50 nm) and low concen-
trations (metal NP/TiO2 weight ratio about 0.1–0.5 wt%) 
are best suited for absorption and consequently photocur-
rent enhancement of these devices. However, surprisingly, 
very few studies are available for plasmonic enhancement of 
photocurrent in QDSCs and PSCs (Jung and Kang 2011; Liu 
et al. 2011; Kawasaki and Tatsuma 2013; Pathak et al. 2017). 
Some papers have detailed the absorption enhancement pro-
cess in quantum dot-metal NPs systems and suggested that 
photocurrent in QDSCs can be increased by scattering as 
well as the near-field enhancement due to plasmonic effects 
of metal NPs (Kawasaki and Tatsuma 2013; Lu et al. 2012; 
Beck et al. 2012; Batabyal et al. 2011). In the present study, 
we investigate the use of small gold nanoparticles (GNPs) 
of average size ~ 15 nm on the performance of PbS and PbS/
CdS-co-sensitized QDSCs.
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Experiment

Synthesis of Gold Nanoparticles

GNPs were synthesized by the well-known Turkevich 
method as described in a previous study (Chander et al. 
2014a, b). Briefly, a 30 ml solution of 1 mM hydrogen 
tetrachloroaurate(III) trihydrate in de-ionized water was 
brought to boil on a hot plate. About 1% w/w trisodium 
citrate dihydrate aqueous solution was added to the boil-
ing solution under stirring. Typically, for a 30 ml gold 
precursor solution in water, about 1.5 ml of 1% w/w triso-
dium citrate aqueous solution was added to obtain parti-
cle sizes of ~ 15 nm. About 1.5 ml of a 5% polyvinylpyr-
rolidone (PVP) aqueous solution was added to 30 ml of 
as-synthesized GNPs’ solution and stirred overnight at 
room temperature. Following this step, the solution was 
centrifuged at 12,000 rpm for 20 min. Later, the superna-
tant was removed carefully and the GNPs collected at the 
bottom of centrifuge tubes were re-dispersed in ethanol. 
Nanoparticles dispersed in ethanol were mixed with TiO2 
paste for making plasmonic paste consisting of Au-TiO2 in 
a particular weight ratio. In the present work, an Au–TiO2 
weight ratio of ~ 0.5 wt% has been used.

Fabrication of TiO2 and TiO2–Au Photoanodes

The TiO2 photoanodes were prepared using a previously 
reported procedure (Chander and Komarala 2017). The 
experimental methods are presented here in brief. Flu-
orine-doped tin-oxide (FTO)-coated glass slides were 
cleaned using soap water, de-ionized water and propan-
2-ol in an ultrasonic bath and dried in the air. A thin 
(~ 80 nm) compact layer of TiO2 was deposited on FTO 
substrates at 450 °C by spray pyrolysis of titanium diiso-
propoxide bis(acetylacetonate) (Sigma-Aldrich) diluted 
in ethanol. Transparent titania paste (Dyesol, 18-NR-T) 
was deposited on compact TiO2-coated FTO substrates 
by the doctor blade method. The geometric area of the 
films thus fabricated was 1.21 cm2. Gold nanoparticles of 
size ~ 15 nm mixed with titania paste in an Au/TiO2 weight 
ratio of ~ 0.5 wt% were used for making TiO2–Au films. 
The thickness of the mesoporous layer thus prepared was 
adjusted to ~ 10 or ~ 12 µm by repeating the doctor blade 
process. The films were sintered at 500 °C in the air for 
30 min. A scattering layer of ~ 4 µm was coated on top 
of the mesoporous layer using the doctor blade method 
and the films were sintered again at 500 °C. Following 
this step, the films were immersed in a 40 mM aqueous 
TiCl4 solution at 70 °C for 30 min. After this, the films 
were annealed at 500 °C in the air. The films were ready 

for sensitization after this step. For optical studies, TiO2 
films with a thickness of ~ 6 µm and no scattering layer 
were used.

Preparation and Assembly of QDSCs

The procedure outlined by Hachiya et al. was used for sensi-
tizing TiO2 and TiO2–Au films with PbS/ZnS (Hachiya et al. 
2012). The films used for PbS/ZnS QDSCs had a thickness 
of ~ 10 µm. The films were immersed in a 0.05 M aqueous 
lead acetate solution for 25 s and then rinsed with de-ionized 
(DI) water. Next, the films were immersed in a 0.05 M aque-
ous Na2S solution for 25 s and rinsed with DI water. This 
coating cycle was then repeated. After adsorption of the 
PbS QDs, the electrodes were passivated by ZnS using the 
SILAR method in a zinc acetate solution (0.1 M in water) 
for 1 min and an Na2S solution (0.1 M in water). Ten cycles 
of the ZnS SILAR coating were performed.

A previously reported procedure was followed for depo-
sition of PbS/CdS/ZnS on the TiO2 films (Gonzalez-Pedro 
et al. 2013). In brief, 0.02 M of lead acetate, 0.05 M of 
cadmium acetate, and 0.1 M of zinc acetate in methanol 
were used for metal precursors. Correspondingly, the same 
concentrations of sodium sulfide in 1:1 methanol–water 
were used as the sulfur source. Two cycles of SILAR were 
employed for PbS deposition, five cycles for CdS deposition 
and two cycles for ZnS deposition. Each cycle consisted of 
two steps of 1 min each in which the titania films were first 
dipped in metal precursor solution and then dipped in the 
sulfide solution.

The CuS counter electrode was prepared by spin coating 
a drop (~ 0.5 ml) of 0.5 M Cu(NO3)2 methanol solution on 
FTO substrates followed by coating 1 M Na2S solution in 
1:1 water–methanol. The procedure was repeated three times 
and the counter electrode was rinsed with de-ionized water 
and dried using an air gun. The electrolyte consisted of 1 M 
Na2S, 1 M S, and 0.1 M NaOH in DI water. The photoelec-
trode and the counter electrode were pressed together in a 
sandwich configuration and electrolyte was injected using a 
pipette. Scotch tape was used as a spacer layer and the two 
electrodes were clamped using binder clips.

Instruments

UV–visible spectra were recorded using Perkin Elmer 
Lambda 1050 spectrophotometer. Philips system was used 
for X-ray diffraction (XRD) measurements. Transmission 
electron micrograph (TEM) images were captured by Tec-
nai G2 20 electron microscope. The current density versus 
voltage curves were recorded using a 450 W Oriel Class 
AAA solar simulator and Keithley 2440 source meter. A cal-
ibrated silicon solar cell was used for reference. The active 
area of the solar cells was 1 cm2 and was defined using a 
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black-coloured mask. All the measurements were performed 
at room temperature in the air.

Results and Discussion

The extinction spectrum of the synthesized GNPs dispersed 
in water is shown in Fig. 1. The transmission electron micro-
graph (TEM) in the inset shows that the size of the parti-
cles is ~ 15 nm. The particles are monodispersed and show 
no agglomeration. The peak in the spectrum corresponds 
to the surface plasmon resonance (SPR) of GNPs in water 
medium and occurs at 520 nm. More discussion on GNPs is 
presented later in the manuscript.

The XRD spectra of bare TiO2 film on FTO glass, PbS-
sensitized TiO2 film, and PbS/ZnS-sensitized TiO2 film are 
shown in Fig. 2. The peaks corresponding to FTO and TiO2 
are marked clearly to distinguish them from peaks of PbS 
and ZnS. The broad peaks at 30° and 43° correspond to the 
(200) and (220) reflection planes of the PbS galena crystal. 
This confirms the formation of PbS QDs on the TiO2 elec-
trode. After ten cycles of ZnS coating, an increase in inten-
sity around 29° is observed which corresponds to the (111) 
reflection plane of the ZnS sphalerite crystal. It implies that 
the PbS QDs are covered with ZnS after ten SILAR cycles. 
The XRD data show that SILAR is an efficient technique 
for coating chalcogenide films on mesoporous TiO2 layer.

The photovoltaic (PV) parameters of the PbS/ZnS solar 
cells are shown in Table 1. These data are for eight devices: 
four control and four plasmonic solar cells. The enhance-
ments in photocurrent and efficiency are outside the error 

margins. The current density (J) versus voltage (V) curves of 
the devices with the highest efficiency in PbS/ZnS case are 
shown in Fig. 3. The best control device has JSC of 11.6 mA/
cm2 compared to the 12.9 mA/cm2 of the best plasmonic 
device. The percent enhancement in photocurrent is ~ 11% 
for the plasmonic device. The efficiencies are low, because 
the active layer has PbS as the only sensitizer. In addition, 
the active layer thickness of these devices is about 10 µm, 
which is less than the optimum thickness required for obtain-
ing high efficiency. However, the effect of GNPs is evident 
for the plasmonic QDSCs, which show a higher photocur-
rent. This increase is due to the improved light absorption 
in the device brought about by the near-field enhancement 
effects of the GNPs. The transmittance values as a func-
tion of wavelength for TiO2, TiO2–Au, TiO2/PbS/ZnS, and 
TiO2–Au/PbS/ZnS films are shown in Fig. 4. It is clear from 
this figure that the films containing GNPs have lower trans-
mittance. A low transmittance indicates that the film has 
a higher absorption. The increased absorption due to plas-
monic effects is responsible for the increased photocurrent 
observed for the case of plasmonic QDSCs.

The J–V curves of the PbS/CdS/ZnS QDSCs with and 
without the GNPs are shown in Fig. 5a. The dark J–V 
curves are also shown in Fig. 5b. The dark curves are 
almost overlapping and there is no noticeable difference. 
The devices with highest efficiencies in each case are 
shown. Table 1 shows the photovoltaic parameters of four 
control devices and four plasmonic devices (total eight 
devices). In this case, the photocurrent and efficiency 

Fig. 1   Extinction spectrum of gold nanoparticles of size ~ 15 nm dis-
persed in water. The pea corresponding to surface plasmon resonance 
of gold nanoparticles occurs at 520 nm. Inset shows the transmission 
electron micrograph of the synthesized nanoparticles

Fig. 2   X-ray diffraction spectra of PbS/ZnS film coated on TiO2/FTO 
glass
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values are higher than the previous case (with only PbS), 
because now two sensitizers, or light harvesting materi-
als, are present—PbS and CdS. In addition, the TiO2 film 
thickness is 12 µm plus 4 µm of scattering layer (composed 
of large-sized TiO2 nanoparticles), making an optically 
thick layer. However, in the present case, the plasmonic 
device does not exhibit a significantly higher photocur-
rent than the control device. In fact, Table 1 shows that 
although the photocurrent enhancement is provided by 
GNPs, it is not outside the error margins. This implies 
that both the size and the concentration of GNPs may need 
to be optimized to get better results. However, still, the 
photocurrent value close to 22 mA/cm2 is comparable with 
the highest efficiency perovskite solar cell fabricated to 
date, which had a JSC of about 24 mA/cm2 (Yang et al. 
2015). An enhancement in photocurrent, although small, 
has been observed at such high values, which shows that 
plasmonics may turn out to be a promising technique to 

further enhance the efficiency of QDSCs as well as the fast 
emerging perovskite solar cells.

The size and concentration of GNPs need to be opti-
mized to get the best performance from plasmonic QDSCs. 
According to Mie theory, under quasi-static approximation, 
the absorption and scattering cross sections of a spherical 
metal nanoparticle can be expressed as (Bohren and Huff-
man 1998)

where α is the polarizability of the metal nanoparticle given 
by

(1)Cabs = k lm(�)

(2)Cscat =
k4

6�
|�|2,

(3)� = 4�r3
[(
�p − �m

)
∕
(
�p + 2�m

)]
.

Table 1   Photovoltaic parameters of quantum dot-sensitized solar cells fabricated in the present work

The average values of four devices (of each type, total 16 devices) along with standard deviations are shown. The active areas of all the devices 
are 1 cm2

a Control device has no gold nanoparticles. Plasmonic device has gold nanoparticles in Au/TiO2 weight ratio of ~ 0.5 wt%

Type of devicea Short-circuit current den-
sity (mA/cm2)

Open-circuit voltage 
(mV)

Fill factor (%) Efficiency (%)

PbS/ZnS
 Control PbS/ZnS (four devices) 11.43 ± 0.12 325 ± 0.82 33.75 ± 0.50 1.25 ± 0.03
 Plasmonic PbS/ZnS (four devices) 12.78 ± 0.08 327.25 ± 2.22 32.25 ± 0.50 1.35 ± 0.02

PbS/CdS/ZnS
 Control PbS/CdS/ZnS (four devices) 21.67 ± 0.10 395 ± 5.77 42.72 ± 0.61 3.66 ± 0.03
 Plasmonic PbS/CdS/ZnS (four devices) 21.78 ± 0.13 404.5 ± 5.26 43.18 ± 0.24 3.80 ± 0.06

Fig. 3   Current density (J) versus voltage (V) curves of normal and 
plasmonic PbS/ZnS quantum dot-sensitized solar cells Fig. 4   Transmittance as a function of wavelength for four different 

types of films. The decreased transmittance, indicating an increase in 
absorption, is evident for films containing Au nanoparticles
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In Eq. (3), r is the radius of the metal nanoparticle, εp is 
the dielectric constant of the particle, and εm is the dielectric 
constant of the surrounding medium. It can be seen from 
the above equations that the scattering is proportional to the 
square of the polarizability, which in turn is proportional to 
the cube of the particle size (radius). From this analysis, it is 
easy to see that the scattering is proportional to sixth power 
of the radius of the particle. Due to this reason, for larger 
particles, scattering dominates over absorption and is the 
prominent extinction mechanism. Extinction cross section, 
Cext, is defined as a summation of absorption and scattering 
cross sections:

Efficiency factors or efficiencies for extinction, absorption 
and scattering may be defined as (Bohren and Huffman 
1998):

where G is the cross-sectional area of the metal particle pro-
jected on a plane perpendicular to the incident electromag-
netic beam. In the present case of a spherical metal nanopar-
ticle with radius r, the factor G is given by, G = πr2.

The absorption, scattering, and extinction efficiencies of 
GNPs of varying sizes (5 nm, 15 nm, 50 nm, and 100 nm) 
are shown in Fig. 6. The calculations have been performed 
using a software tool freely available from reference (http://
www.phili​plave​n.com/miepl​ot.htm). The simulations have 
been performed by taking the refractive index values at four 
different wavelengths from the data of Sanchez et al. for 
simplicity of calculations (Sanchez et al. 2013). The values 
of refractive index are: 1.72 at 435 nm, 1.68 at 480 nm, 1.64 
at 587 nm, and 1.62 at 706 nm. These values are less than the 
refractive index of anatase TiO2 (~ 2.48) and approximate 

(4)Cext = Cabs + Cscat.

(5)Qext = Cext∕G, Qabs = Cabs∕G, Qscat = Cscat∕G,

the medium around the gold nanoparticles which consists 
of anatase TiO2 and air.

The simulations clearly show that scattering is dominant 
for large GNPs of size 100 nm and absorption dominates for 
smaller particle sizes. In fact, we do not observe any scat-
tering for the case of 5 and 15 nm GNPs. It indicates that 
only absorption contributes towards extinction of incident 
light for these small-sized particles embedded in TiO2. Mid-
sized GNPs (50 nm) show the highest absorption efficiency 
(see Fig. 6a). These results are a direct consequence of the 
size dependence of scattering and absorption, as given by 
Eqs. (1)–(3). For sensitized type of solar cells, as presented 
in this work, the increased absorption is more beneficial than 
scattering (Chander et al. 2014a, b). In GNPs, the conduc-
tion band electrons oscillate due to the electric field of the 
incident electromagnetic radiation and give rise to an oscil-
lating electric field (the so-called near field) localized around 
the nanoparticles. This near field can excite the sensitizers 
(PbS/CdS in the present case) more strongly than the inci-
dent far-field light and provides photocurrent enhancement. 
This near field depends on a number of parameters, size 
being one of the major ones. Therefore, intermediate-sized 
GNPs (of the order of 50 nm) are best suited for plasmonic 
DSSC/QDSC applications. Further research work is ongoing 
in this direction.

Conclusion

Gold nanoparticles of size ~ 15 nm have been used in the 
present work to demonstrate the plasmonic enhancement of 
photocurrent for PbS and PbS/CdS quantum dot-sensitized 
solar cells. The enhancements in photocurrent and efficiency 
have been observed for multiple devices and show consistent 

Fig. 5   Current density (J) versus voltage (V) curves of normal and plasmonic PbS/CdS/ZnS quantum dot-sensitized solar cells in a light 
(AM1.5G illumination) and b dark conditions

http://www.philiplaven.com/mieplot.htm
http://www.philiplaven.com/mieplot.htm
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trend. Further optimization of size and concentration of the 
GNPs would lead to still higher efficiencies in quantum dot-
sensitized solar cells. The general approach mentioned in the 
paper can also be used to realize high-efficiency plasmonic 
perovskite solar cells.
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