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Abstract
Highly efficient, PbS:Hg quantum dot–sensitized, plasmonic solar cells with TiO2 triple-layer photoanode were fabricated by
successive ionic layer adsorption and reaction (SILAR)method. These nanostructured photoanodes were characterized by optical
and morphological techniques and the solar cells were characterized by optical and electrical techniques. The light absorption by
the photoanode was enhanced by effective light scattering process using a triple-layer TiO2 nanostructure, fabricated with a TiO2

nanofiber layer sandwiched between two TiO2 nanoparticle layers. The best plasmon-enhanced quantum dot–sensitized solar cell
showed an efficiency of 5.41% with short circuit current density of 18.02 mA cm−2 and open-circuit voltage of 679.83 mV. The
overall efficiency and photocurrent density of the Q-dot-sensitized solar cell are enhanced by 15.84% and 38.83% respectively
due to the plasmonic effect. The enhanced efficiency appears to be due to the improved short circuit current density by increased
light absorption by the triple-layered photoanode nanostructure as well as by the localized surface plasmon resonance (LSPR)
effect of the plasmonic gold nanoparticles. This is the first report on plasmon-enhanced, triple-layered TiO2 photoanode sensi-
tized with PbS:Hg Q-dots.
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Introduction

Semiconductor colloidal quantum dots (Q-dots) are among
the promising materials for the future electronic and optoelec-
tronic devices including solar cells and detectors [1–5].
During the past decade, they have been intensively studied
for numerous applications due to their excellent optoelectronic

properties such as the high molar extinction coefficients, tun-
able energy gap, and ability of multiple exciton generation [6,
7].

Q-dot-sensitized solar cells have emerged as the cost-
effective third-generation solar cells in the solar energy con-
version processes and also one of the main applications of
colloidal Q-dots. TiO2, SnO2, and ZnO semiconductor

Highlights
• Gold nanoparticle–incorporated, Hg-PbS quantum dot–sensitized
photoanode was made.
• DSSCs fabricated with above photoanode showed an efficiency of
5.41%.
• Efficiency enhancement of 38.8% was achieved by a plasmonic reso-
nance effect.

* M.A.K.L. Dissanayake
makldis@yahoo.com

1 National Institute of Fundamental Studies, Hantana Road, Kandy, Sri
Lanka

2 Postgraduate Institute of Science, University of Peradeniya,
Peradeniya, Sri Lanka

3 Department of Physical Sciences, South Eastern University of Sri
Lanka, Sammanthurai, Sri Lanka

4 Department of Physics, The Open University of Sri Lanka, Nawala,
Nugegoda, Sri Lanka

5 Department of Applied Physics, Chalmers University of Technology,
Gothenburg, Sweden

6 Department of Physics, University of Gothenburg,
Gothenburg, Sweden

Journal of Solid State Electrochemistry (2019) 23:1787–1794
https://doi.org/10.1007/s10008-019-04280-y

Highly efficient, PbS:Hg quantum dot–sensitized, plasmonic solar
cells with TiO2 triple-layer photoanode

http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-019-04280-y&domain=pdf
http://orcid.org/0000-0001-5488-9384
mailto:makldis@yahoo.com


nanoparticle-based electrodes are used as photoanodes in Q-
dot-sensitized solar cells. To enhance the power conversion
efficiency of Q-dot-sensitized solar cell, there are several tech-
niques that have been reported. Improving the light harvesting
by scattering using modified photoanodes, enhancing the pho-
tocurrent further by plasmonic effect, and using an efficient
electrolyte and counter electrode are some of these techniques.
Enhancement through the efficient light harvesting using
nanostructurally modified TiO2 photoanodes based on nano-
fibers, nanocorals, nanotubes, nanowires, and nanohelixes has
been studied [8–12]. Recently, TiO2 nanoparticle/nanofiber/
nanoparticle triple-layered photoanode-based solar cells have
been reported by us [13–15].

The efficiency of solar cells can be enhanced by using the
plasmonic nanostructures. These nanostructures are capable
of increased light trapping by plasmonic resonance effect.
Plasmonic nanostructures can be placed at the top of, within,
or at the base of photovoltaic devices. Free electrons on the
metal surface can have strong interaction with the light. When
the frequency of the incident photons matches with the fre-
quency of these free electrons, it will lead to collective oscil-
lations of the electrons and this oscillation is defined as local-
ized surface plasmon resonance (LSPR) [16]. Plasmonic en-
hancement in photovoltaic devices occurs due to (i) the LSPR
relaxation and re-emission of light acting as a secondary light
source that develops the local electric field and (ii) the LSPR
relaxation transferring the energy to the conduction band of
the semiconductor thereby enhancing the photocurrent [17].
Wavelength of the LSPR depends on the size and shape of the
plasmonic particles, inter-particle distance, volume fraction of
the metal in the surrounding material, and the dielectric con-
stant of the surrounding material such as TiO2 nanostructure
[18]. Plasmonic nanoparticles are highly polarizable at their
resonance frequency. At this frequency, these nanoparticles
show high optical absorption and high scattering cross-sec-
tions. In the case of Au and Ag nanoparticles, the resonance
frequencies are in the visible region [19]. Therefore, these
plasmonic nanoparticles can be used for enhanced visible light
harvesting by LSPR effect.

Metallic nanoparticles such as Au, Ag, and Zn have been
studied due to their exceptional optical properties in various
fields including photovoltaics. In addition to the metallic
nanoparticles, different shapes of metallic plasmonic materials
such as nanoclusters, hemisphere, and core-shell sphere can
also be used. In dye-sensitized solar cells, metallic nanoparti-
cles have been used to enhance the light trapping [20–24].
PbS/ZnO nanowire bulk-heterojunction Q-dot-sensitized so-
lar cell with plasmonic silver nanocubes has been reported
with an overall efficiency of 6.03% [25]. More recently,
TiO2/Au nanoparticle-based CdS/CdSe core-shell Q-dot-
sensitized solar cells have been fabricated with an efficiency
of 6.00% [26]. In another study, Ag plasmonic nanostructure–
incorporated TiO2/CdS Q-dot-sensitized solar cell with 6.00%

efficiency has been reported [27]. Tokuhisa Kawawaki et al.
[28] recently reported a significant efficiency enhancement
due to plasmonic gold nanoparticles in solar cells sensitized
with PbS quantum dots. PbS quantum dots have gained a great
attention in various studies due to their excellent optoelectron-
ic properties. PbS has a high absorption coefficient in the order
of 105 cm−1 and wide range of tunable energy gap [29].
Moreover, they have relatively large exciton Bohr radius of
18 nm that allows tuning their band gap in the range from 0.50
to 5.50 eV [30, 31]. According to the quantum confinement
effect, by controlling the size of the PbS Q-dots, the absorp-
tion wavelength of the first exciton peak can easily be shifted
towards the infrared region to harvest the near infrared and
infrared photons for the photovoltaic applications.

In this study, Hg-doped PbS Q-dots were deposited using
SILAR method on plasmonic Au nanoparticle–incorporated
TiO2 tri-layer photoanode structure and the solar cells were
fabricated and characterized. Jin-Wook Lee et al. [29] using
extended X-ray absorption fine structure (EXAFS) have
established the nature and the presence of Hg in the
photoanode. Further, it has been revealed that the Pb-S bond
distance is decreased by the Hg doping leading to bond rein-
forcement and reduced structural disorder enhanced electron
injection. The overall performance of the solar cells has been
enhanced due to the plasmonic effect. To the best of our
knowledge, this is the first report on plasmon-enhanced tri-
ple-layered TiO2 electrode sensitized with PbS:Hg Q-dots.

Experimental

Materials

Fluorine-doped tin oxide (FTO) coated glass (8 Ω cm−2,
Solarnoix), titanium (IV) isopropoxide (97%, Fluka),
propan-1-ol (99.9%, Fisher), glacial acetic acid (99%,
Fisher), titanium dioxide P-90 powder (Evonik), titanium di-
oxide powder P-25 (Degussa), sulfur (99%, Daejng),
triethanolamine (99%, Fluka), ethanol (96%, BDH) and hy-
drogen tetrachloroaurate (III) (99.9%), trisodium citrate
dihydrate (99%), mercury (II) chloride (99.5%), sodium sul-
fide hydrate (> 60%), N,N-dimethyl formamide (99%), potas-
sium chloride (99%), lead (II) nitrate (99%), poly ethylene
glycol (99.8%), Triton X-100, hydrochloric acid (37%), and
methanol (99.8%) all from Sigma-Aldrich were used as
received.

Preparation of the Au nanoparticles

Au nanoparticle solution was synthesized using the citrate
reduction method as described by Huang et al. [32]. 0.1 g of
Na3C6H5O7 was dissolved in 10 ml of de-ionized water and
1mMofHAuCl4 solutionwas prepared with 20ml de-ionized
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water. This solution was boiled under continuous stirring and
2 ml of Na3C6H5O7 solution was added to the boiling HAuCl4
solution. When the color of the mixture became deep red, the
hotplate was turned off and the solution was allowed to cool.

Preparation of the TiO2 triple-layer nanostructure

TiO2 compact layer solution was prepared with 8 ml of etha-
nol, 1 ml of propan-1-ol, 1 ml of glacial acetic acid, 1 ml of
titanium (IV) isopropoxide, and 1 drop of conc. HNO3. This
solution was used to spin coat the first TiO2 compact layer on
pre-cleaned FTO glass substrate at 3000 rpm for 1 min and the
layer was sintered at 120 °C for 5 min. Again, the same spin
coating process was repeated to form the second TiO2 com-
pact layer on the first compact layer and both layers were
subsequently sintered at 450 °C for 45 min. A paste was pre-
pared by grinding 0.25 g of TiO2 P-90 powder with 1 ml of
0.1 M HNO3 and it was spin-coated on the TiO2 compact bi-
layer structure at 3000 rpm for 1 min and the resulting
photoanode was subsequently sintered at 450 °C for 45 min.
0.25 g of TiO2 P-25 powder was added to 10 drops of 0.1 M
HNO3 and one drop of triton X-100 and the mixture was
ground for 15 min. Then, 0.05 g of polyethylene glycol was
added to the mixture and appropriate amount of 0.1 M HNO3

was added to the mixture and creamy paste was obtained. In
order to study the plasmonic effect, different concentrations of
Au nanoparticle colloidal were added and the paste was
ground further 15 min to get a homogeneous distribution of
Au nanoparticles in the TiO2 P-25 paste. The TiO2 P-25 nano-
particle paste containing Au nanoparticles was spin-coated on
TiO2 P-90 layer at 1000 rpm for 1 min for each Au nanopar-
ticle concentration. Finally, the electrodes were sintered for
45 min at 450 °C. The Q-dot-sensitized solar cells fabricated
with FTO/compact layer/TiO2 P-90/TiO2 P-25 photoanode
incorporating 0.45 ml of Au NP colloidal solution were found
to exhibit the highest solar cell efficiency.

TiO2 nanofiber layer was prepared by the following meth-
od described by us in an earlier report [13]. Initially, 9.5 ml of
N, N-dimethyl formamide and 0.5 ml of glacial acetic acid
were thoroughly mixed. Subsequently, 1.5 ml of titanium
(IV) isopropoxide was added to the mixture which was sub-
jected to magnetic stirring for 20 min. Finally, 0.75 g of poly
(vinylacetate) was added to the mixture and magnetically
stirred for 4 h. A TiO2 nanofiber layer was deposited for
20 min with a solution flow rate of 2 ml h−1 on the Au
nanoparticle–incorporated TiO2 P-25 layer by electrospinning
(NaBond Electrospinner, NaBond Technologies, Hong
Kong). During the electrospinning, the voltage difference
and the distance between the spinneret and photoanode were
kept at 15 kV and 6.5 cm respectively. The electrodes FTO/
TiO2 compact layer/TiO2 P-90/TiO2 P-25 covered with Au
nanoparticles/TiO2 layer were sintered at 450 °C for 45 min.
In order to fabricate the tri-layer photoanode, another Au-

incorporated TiO2 P-25 layer was deposited on the TiO2 nano-
fiber layer using a spin coater with rpm of 1000 for 1 min.
Finally, the electrodes were sintered 450 °C for 45 min.

Preparation of PbS:Hg Q-dot-sensitized TiO2

photoanodes

PbS:Hg quantum dots were incorporated to each layer of TiO2

triple-layer photoanode by SILAR method [13]. For the prep-
aration of cationic precursor solution, 0.1 M Pb(NO3)2, 0.8 M
triethanolamine, and 6 mM HgCl2 were dissolved in de-
ionized water. 0.1 M Na2S was dissolved in de-ionized water
for anionic precursor solution. Based on previous trails, 6
SILAR cycles were found to give the highest efficiency solar
cells and therefore 6 SILAR cycles were used to deposit
PbS:Hg Q-dots on each TiO2 layer in the composite
photoanode structure [13]. In each SILAR cycle, TiO2 elec-
trode was dipped for 1 min in the cationic precursor and for
1.5 min in the anionic precursor solution. Between each dip-
ping process, the composite photoanode was washed with de-
ionized water. Finally, PbS:Hg Q-dot-sensitized photoanode
was sintered at 120 °C for 10 min and immersed in a solution
of 0.1 M Na2S for 1 min at room temperature. Then, the
photoanode was washed with de-ionized water and dried. A
Q-dot-sensitized solar cell with an identical TiO2 triple-layer
photoanode nanostructure (nanoparticle/nanofiber/nanoparti-
cle) sensitized with PbS:Hg Q-dots, but without colloidal Au
nanoparticles, was also fabricated and used as the control
device.

Optical absorption measurements

Optical absorption spectra of Au nanoparticle colloidal, TiO2

triple-layer, TiO2 triple-layer with Au nanoparticles, and
PbS:Hg quantum dots were taken using a Shimadzu 2450
spectrophotometer in the 350–1100-nm wavelength range.

Preparation of the polysulfide electrolyte

Polysulfide electrolyte was prepared as described previously
[13]. 2MNa2S, 2 M S, and 0.2MKCl were dissolved in a 7:3
(v/v) mixture of methanol and water. The mixture was mag-
netically stirred at room temperature until the solution became
clear deep-orange color.

Preparation of the counter electrode

A brass plate of size 2 cm × 1 cm was cleaned with concen-
trated HCl at 80 °C. A mask with 0.12 cm2 hole was fixed on
the cleaned brass plate and the unmasked area was covered
with the polysulfide electrolyte. The Cu2S layer formed on
this brass plate was used as a counter electrode.
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Current–voltage characterization

Current–voltage characterization of each type of PbS:Hg Q-
dot-sensitized solar cells with an active area of 0.12 cm2 was
measured under illumination of 100 mW cm−2 with AM 1.5
filter using a computer-controlled setup consisting of a multi-
meter (Keithley 2000) connected to a potentiostat/galvanostat
unit (HA-301).

Electrochemical impedance measurements

Electrochemical impedance spectroscopy (EIS) provides an
important tool to study the interfaces between electrodes and
electrolytes. EIS spectra of all Q-dot-sensitized solar cells
were collected by Autolab potentiostat/galvanostat
PGSTAT128 N with frequency response analyzer (Metrohm)
in a frequency range between 0.01 Hz and 1 MHz under the
simulated light of 100 mW cm−2 with AM 1.5 filter. Important
electrochemical parameters such as charge transfer resistance,
series resistance, recombination resistance, and electron life-
time were estimated using the fitted equivalent circuit.

Results and discussion

Morphology of the TiO2 triple-layer photoanode

The cross-section SEM image of the TiO2 triple-layer (nano-
particle/nanofiber/nanoparticle) composite structure is shown
in Fig. 1. Total thickness of the TiO2 triple-layer is around
3.4 μm. The detailed configuration of the composite
photoanode can be represented as follows: glass substrate with
FTO layer/TiO2 compact layer/TiO2 P-90 nanoparticle layer

(0.6 μm)/TiO2 P-25 nanoparticle layer (1.3 μm)/TiO2 nanofi-
ber layer (0.8 μm)/TiO2 P-25 nanoparticle layer (1.3 μm).

Optical absorption of Au nanoparticles
and photoanodes

Figure 2 depicts the optical absorption spectrum of synthe-
sized plasmonic colloidal Au nanoparticles showing a broad
absorption in the visible region which peaks around 527 nm.
From this absorption maximum, the average particle size of
the Au nanoparticles has been estimated, which is in the range
of 25–35 nm and the shape of the particles is spherical [33].
Stephan Link et al. [34] reported that, Au nanoparticles which
have the diameter greater than 25 nm, the plasmon bandwidth
increases with increasing size as the wavelength of the
interacting light becomes comparable with the dimension of
the nanoparticle. And also, the extinction coefficient depends
on the size of the nanoparticle.

Figure 3 displays the optical absorption spectra of the TiO2

triple-layer and Au nanoparticle–incorporated TiO2 triple-
layer with and without sensitization by PbS:Hg quantum dots.
Bare TiO2 nanoparticle/nanofiber/nanoparticle nanostructure
also shows increased optical absorption in the visible region
(Fig. 3, curve (b)), quite likely due to the multiple light scat-
tering events within the triple-layer. Au nanoparticle–
incorporated TiO2 triple-layer photoanode shows a broad peak
in the visible region between 500 and 550 nm (Fig. 3, curve
(c)). This peak clearly confirms the presence of Au plasmonic
nanoparticles in the TiO2 triple-layer nanostructure as de-
scribed byYin-ChengYen et al. [2]. The plasmonic absorption
peak due to synthesized colloidal Au nanoparticles appears
around 527 nm (Fig. 2). Correspondingly, the PbS:Hg Q-
dot-sensitized, Au nanoparticle–incorporated TiO2 triple-
layer photoanode shows a broad peak around 500–550 nm

Fig. 1 SEM image of cross-
section of the TiO2 triple-layer
photoanode. From the bottom:
glass substrate with FTO layer/
TiO2 compact layer/TiO2 P-90
nanoparticle layer (0.6 μm)/TiO2

P-25 nanoparticle layer (1.3 μm)/
TiO2 nanofiber layer (0.8 μm)/
TiO2 P-25 nanoparticle layer
(1.3 μm)
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superimposed on an enhanced overall absorption curve
(Fig. 3(d)). The cumulative effect due to the presence of
TiO2 nanofibers (scattering enhanced), Au nanoparticles
(plasmonic enhanced), and PbS:Hg Q-dots sensitized in the
sandwich structure has resulted an overall increase in the op-
tical absorption significantly. Also, this photoanode exhibits
another very strong absorption peak at around 1050 nm in the
near IR region evidently due to the optical absorption by
PbS:Hg Q-dots [35]. The size of the PbS:Hg quantum dots
corresponding to the absorption of 1050 nm can been estimat-
ed to be in the range of 3–4 nm [31, 35].

Figure 4 depicts the plots of (Ahν)2 against (hν) for the
TiO2 triple-layer structure with and without Au plasmonic
nanoparticles. Here, A is the absorption coefficient and ν is
the frequency. According to these plots, the estimated value of
the optical energy band gap for the TiO2 triple-layer electrode
is 3.42 eV and for the Au nanoparticle–incorporated TiO2

triple-layer electrode is 3.04 eV. This result clearly shows that
the energy band gap of the TiO2 semiconductor nanostructure
has reduced by the defect-induced band gap narrowing caused

by the presence of Au plasmonic nanoparticles. Similar obser-
vations have been made by other groups too [22, 36, 37].

Photovoltaic characteristics of the solar cells

Current density (J) vs voltage (V) measurements have been
performed to obtain the photovoltaic parameters of solar cells.
Figure 5 displays the J-V plots for the PbS:Hg Q-dot-
sensitized solar cells with TiO2 triple-layer photoanodes with
and without Au nanoparticles under the simulated sunlight of
100 mW cm−2 with AM 1.5 spectral filter. Au nanoparticle–
incorporated PbS:Hg Q-dot-sensitized solar cells show im-
proved photovoltaic performance compared with the con-
trolled device. The results are summarized in Table 1.
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The overall efficiency of the cell is enhanced by 15.84%
due to the Au plasmonic nanoparticles. As seen from Fig. 5,
this is evidently due to the enhanced photocurrent in the Q-
dot-sensitized solar cell with Au nanoparticles, compared with
device without Au nanoparticles, under similar fabrication and
light conditions caused by the localized surface plasmon res-
onance (LSPR) effect [19, 38]. Au nanoparticle–incorporated
Q-dot-sensitized solar cell gives a significantly higher photo-
current density of 18.02 mA cm−2 while the controlled device
shows a lower value of 12.98 mA cm−2. Clearly, the photo-
current density is enhanced by about 38.83% by the plasmonic
effect due to Au nanoparticles.

Table 2 shows the variation of efficiency of the Q-dot-
sensitized solar cell with the amount of colloidal Au nanopar-
ticles. Optimum amount of colloidal Au nanoparticles added
to the TiO2 P-25 nanoparticle paste is around 0.45 ml which
gives a highest overall efficiency of 5.41% corresponding to
the amount of 0.45 ml added to the TiO2 P-25 nanoparticle
colloidal paste then decreases.

Electrochemical impedance spectra

In order to estimate and compare the charge transfer resistance,
series resistance, and recombination resistance of the Q-dot-
sensitized solar cells, electrochemical impedance spectra of
the Au plasmonic Q-dot-sensitized solar cell and the controlled

Q-dot-sensitized solar cell were analyzed using the most fitting
equivalent circuit for the Q-dot-sensitized solar cell. Figure 6
exhibits the corresponding Nyquist plots and the equivalent
circuit used for the analysis. In this equivalent circuit, Rs is
the series resistance of the FTO/TiO2 interface and R1CT repre-
sents the resistance of the counter electrode/electrolyte inter-
face. R2CT represents the resistance of the photoanode/
electrolyte interface which is generally known as the
Brecombination resistance.^ CPE1 andCPE2 represent the con-
stant phase elements related to the interfaces. Zw refers to the
finite Warburg impedance which originates from the difference
of the diffusion coefficients of the positive and negative ions,
and from the non-blocking character of the electrodes [39].
Figure 6 clearly shows that the series resistance of the Q-dot-
sensitized solar cell is reduced due to the plasmonic effect.

Estimated electrochemical impedance parameters of the
interfaces are given in Table 3. Au plasmonic nanoparticle–
incorporated PbS:Hg Q-dot-sensitized solar cell shows low
series and charge transfer resistances than the controlled Q-
dot-sensitized solar cell. It is clear that the electron injection to
the conduction band of the TiO2 and the charge transfer has
been enhanced by the plasmonic Au nanoparticles. Plasmonic
enhanced Q-dot-sensitized solar cell shows a high recombina-
tion resistance of 188.2 Ω compared with the controlled cell.
Due to the increase in the recombination resistance, it is

Table 1 Photovoltaic parameters of PbS:Hg Q-dot-sensitized solar cells
fabricated with (a) TiO2 triple-layer (b) Au nanoparticle–incorporated
TiO2 triple-layer

TiO2 photoanode JSC
(mA cm−2)

VOC

(mV)
FF
(%)

Efficiency
(%)

(a) Without Au
NPs

12.98 686.11 52.42 4.67

(b) With Au NPs 18.02 679.83 44.21 5.41

Table 2 Variation of efficiency with the amount of colloidal gold
nanoparticles added to the TiO2 P-25 paste

Amount of Au nanoparticles added
to the TiO2 P-25 paste (ml)

Efficiency (%)

0.00 4.67

0.10 4.81

0.20 4.94

0.30 5.10

0.35 5.26

0.40 5.32

0.45 5.41

0.50 5.33

0.55 5.18

0.60 5.02
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Fig. 6 Nyquist plots of the PbS:Hg Q-Dot-sensitized solar cells made
with TiO2 triple-layer photoanode structures (a) without Au nanoparticles
and (b) with Au nanoparticles (solid lines represent the simulated data)

Table 3 EIS parameters of PbS:Hg Q-dot-sensitized solar cell with and
without Au plasmonic nanoparticles

TiO2 photoanode RS (Ω) R1CT (Ω) R2CT (Ω) Zw (Ω)

(a) Without Au nanoparticles 20.6 104.1 122.6 11.26

(b) With Au nanoparticles 39.2 156.2 188.2 9.92
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difficult for the photogenerated electrons to recombine with
holes in the electrolyte. This results in the decrease of charge
recombination and enhances the photocurrent [40].

Warburg impedance Zw gives the characteristics of the dif-

fusing species. In this study, S2− and S2−n are the species in
redox couple. Zw values of Au plasmonic nanoparticle–
incorporated PbS:Hg Q-dot-sensitized solar cell and con-
trolled Q-dot-sensitized solar cell are 9.92 Ω and 11.26 Ω
respectively. Au plasmonic nanoparticle–incorporated
PbS:Hg Q-dot-sensitized solar cell shows a lower value of
Zw; this shows the better diffusion of electrolyte. Due to the
better electrolyte diffusion, electron transport is enhanced and
the performance of the Q-dot-sensitized solar cell is enhanced
as described in Hee-Je Kim et al. [41].

Figure 7 shows the Bode plate of the PbS:Hg Q-dot-
sensitized solar cell. The frequency peak of the Au
nanoparticle–incorporated Q-dot-sensitized solar cell shifted
to lower frequency. Lifetime of the electrons in the TiO2 nano-
structure can be calculated from Eq. (1). The electron lifetime
is directly proportional to the recombination resistance [40].

τ ¼ 1

2π f max
ð1Þ

where fmax is the maximum frequency of the middle frequency
peak in the Bode plot

Table 4 shows the comparison of calculated electron life-
time and short circuit current density of each Q-dot-sensitized
solar cell. Plasmon-enhanced PbS:Hg Q-dot-sensitized solar
cell shows a high electron lifetime of 5.12 ms than the con-
trolled cell. Lifetime of the electron is enhanced by 4.6 times.
Therefore, electrons have a longer lifetime and are effectively
transferred, substantially enhancing the photocurrent and the
efficiency as discussed by Dinah Punnoose et al. [42], Yen
et al. [43] and Jianjun Tian et al. [40].

Conclusion

PbS:Hg colloidal quantum dot–sensitized solar cells have
been fabricated using TiO2 triple-layer photoanode nanostruc-
ture, nanoparticle/nanofiber/nanoparticle layers. Au plasmon-
ic nanoparticles have been incorporated into the two nanopar-
ticle layers. These Q-dot-sensitized, plasmonic solar cells
show a significantly higher efficiency of 5.41% compared
with the control device without Au nanoparticles. The en-
hancement is evidently due to the increased short circuit pho-
tocurrent by localized surface plasmon resonance effect and
defect-induced energy band gap narrowing of TiO2 by Au
nanoparticles.
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