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PbS : In and CdS quantum dots (QDs) are sequentially assembled onto a nanocrystalline TiO
2
film to prepare a PbS : In/CdS

cosensitized photoelectrode for QD sensitized solar cells (QDSCs). The results show that PbS : In/CdS QDs have exhibited a
significant effect in the light harvest and performance of the QDSC. In the cascade structure of the electrode, the reorganization of
energy levels between PbS and TiO

2
forms a stepwise structure of band-edge levels which is advantageous to the electron injection

into TiO
2
. Energy conversion efficiency of 2.3% is achieved with the doped electrode, under the illumination of one sun (AM1.5,

100mWcm2). Besides, a remarkable short circuit current density (up to 23mA⋅cm−2) is achieved in the resulting PbS : In/CdS
quantum dot sensitized solar cell, and the related mechanism is discussed.

1. Introduction

Oneof the current challenges for high performance sensitized
solar cells is the limited light absorption range from the visible
to the near-infrared (NIR) region for the solar spectrum
[1]. Generally, molecular dyes can only absorb light photons
within a more or less broadband corresponding to their
molecular transitions; thus the absorption region of dye
sensitized solar cells (DSCs) is limited [2]. On the other
hand, semiconductor materials can absorb all photons with
energies higher than their band gap, 𝐸

𝑔
. The quantum dot

sensitized solar cells (QDSCs) are attracting increasing atten-
tion as they show promising potential for the development of
next generation solar cells with high photocurrent [3–5].

Recently, various quantum dots (QDs), such as CdS,
CdSe, PbS, PbSe, and InP, have been attempted to fabri-
cate QDSCs [6–10]. PbS (𝐸

𝑔
= 0.41 eV) [11], specifically,

has attracted increasing interest in sensitizers for achieving
superior photocurrent solar cells. Recent work by Zhou et al.
has demonstrated a high photocurrent density (𝐽SC, nearly
20mA⋅cm−2) in the PbS/CdS cosensitized solar cells [12].
However, compared to that of TiO

2
, the conduction band

(CB) of PbS is located at lower energy [13]. The situation is
not conducive to electronic transmission from PbS to TiO

2
.

Thus, optimization of the structure for photoanode is highly
required to improve the electron injection in PbSQDSCs [14].

High performance deep red and NIR emitters are much
needed for developing desirable probes for in vivo diagnostics
and optical devices application [15–17]. Synthesis of doped
semiconductor nanocrystal QDs [18–20] has recently become
an active subject in the field of nanomaterials because of their
unique optical, electronic, and physical properties [21]. Vari-
ous advantages have been achieved by doping with optically
active transitionmetal ions (such as Cu, In, Mn, andMg) [22,
23] because the electrical and optical properties of QDs could
be effectively improved. In addition, the photophysical prop-
erties of semiconductor nanocrystals could also be adjusted
by different types and concentrations of dopants [24]. The
dopant creates electronic states in the midgap region of the
QD, thus altering the charge separation and recombination
dynamics. Currently, other efforts to design In-doped ZnSe,
Mn-doped ZnSe, and In-doped-InP QDs have brought a
bright perspective for developing highly efficient and color-
tunable emitters in the red and NIR window [19, 25, 26].
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Figure 1: Deposition process of In-doped-PbS QDs on mesoporous TiO
2
nanostructure using successive ionic layer adsorption and reaction

(SILAR) method.

In this work, we have fabricated a photoanode of PbS : In
and CdS QDs deposited by the successive ionic layer adsorp-
tion and reaction (SILAR) [27]. Improvement in the QDSC
performance has been observed. The photocurrent density
up to 23mA⋅cm−2 has been achieved in the PbS : In semi-
conductor photoanode. The power conversion efficiency of
2.3% is mainly due to the extremely high 𝐽SC. Furthermore,
many experiments have been performed to well demonstrate
the material structures and solar cell performance.

2. Experimental

2.1. Fabrication of PbS : In/CdS Electrode. The fabrication
methods are based on our previous study for Cu-doped
PbS [28]. In a typical experiment, the TiO

2
electrode was

prepared by the screen printing with an average size of
25 nm TiO

2
paste onto the fluorine-doped tin oxide (FTO)

glass (thickness: 2.2mm, Pilkington, 14 Ω/square). The as-
prepared electrodes were annealed at 450∘C for 30min.
Corresponding concentrations (1 : 1, 1 : 5, 1 : 10, and 1 : 20) of
the InCl

3
were mixed with Pb(NO

3
)
2
(0.1M) in an ethanol

and deionized water (1 : 1) mixed solution as cation source,
respectively. Na

2
S (0.1M) in methanol was used as anion

source. The SILAR method was used to sensitize the TiO
2

nanoparticles with PbS : In QDs as shown in Figure 1. Firstly,
TiO
2
electrodes were dipped in cation source for 1min,

followed by dipping in anion source for 1min. After each
dipping cycle, the electrode was rinsed with corresponding
solvent anddrying. In the process, the In3+ ionswere achieved
in the PbS film. To prevent PbS : In electrode from the
corrosion by polysulfide solution electrolyte [29], CdS layer
was deposited on TiO

2
by using Cd(NO

3
)
2
(0.1M) aqueous

ethanol solution and Na
2
S (0.1M) methanol solutions [30].

2.2. Preparation of QDSCs. All the working electrodes and
Pt-coated counterelectrodes were finally assembled by using
60 𝜇m thick sealing materials (SX-1170-60, Solaronix SA). A
mixed methanol and deionized water solution (1 : 1) of Na

2
S

(0.5M), S (2M), and KCl (0.2M) was used as the liquid
electrolyte [31]. Solar cell performance was evaluated at one
sun illumination.

3. Results and Discussion

Figure 2(a) shows scanning electron micrograph (SEM) of
the bare TiO

2
electrode, while Figure 2(b) shows SEM image

of the TiO
2
electrode deposited by PbS : In. Compared with

bare TiO
2
films, the dimension of QD sensitized TiO

2

nanoparticles increases slightly and the porosity decreases at
the same time.The Pb, In, and S peaks are clearly observed in
the EDS spectrum of the electrode, as shown in the inset of
Figure 2(b). Furthermore, Figure 2(c) suggests that the TiO

2

filmswere deposited by PbS : Inwith a thickness of 10 𝜇m.The
result confirms that PbS : In QDs are successfully assembled
on the surface of the TiO

2
film via the deposition process.

Figure 3(a) shows a high-resolution transmission elec-
tron microscopy (HRTEM) image of the TiO

2
/PbS : In

(Pb : In = 10 : 1) electrode, suggesting that the surface of the
TiO
2
particles has been coatedwithQDs (gray dots). HRTEM

image of the TiO
2
/PbS : In electrode as shown in Figure 3(b)

demonstrated fine crystallites with various orientations and
lattice spacing around the TiO

2
crystallite. According to

the (101) plane of TiO
2
(JCPDS 21-1272), the lattice spacing

measured for the crystalline plane is 0.356 nm. On the
basis of careful measurement and comparison of the lattice
parameters in JCPD, the lattice of the crystallites deposition
on TiO

2
is ascribed to the (220) plane of PbS, without

observing independent In phase. These results indicate that
PbS : In nanocrystals have been absorbed on the surface of
porous TiO

2
; thus a TiO

2
/PbS : In cascade structure was

achieved.
Powder X-ray diffraction (XRD) of the TiO

2
electrodes

sensitized with PbS:In QDs (Pb : In = 10 : 1) was per-
formed. Figure 4 shows the XRD patterns of TiO

2
/PbS and

TiO
2
/PbS : In films at room temperature (RT) and 200∘C.The

typical diffraction peaks of the SILAR deposited PbS films
were located at 32.3∘, 48.1∘, and 62.9∘, corresponding to (111),
(220), and (222) crystalline planes of cubic phase (galena)
of PbS, respectively. The XRD patterns of the In-doped
PbS phase at room temperature were in good agreement
with those of undoped PbS phase at room temperature and
200∘C. However, (220) peak for the cubic phase of PbS was
found to slightly shift from 48.1∘ to 47.6∘ in the TiO

2
/PbS : In

nanoporous films annealed at 200∘C. Thus, In doping could
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Figure 2: SEM images of the top view for the nanocrystalline TiO
2
film (a) and TiO

2
deposited by PbS : In film (b); the cross-section view of

the TiO
2
deposited by PbS : In film (c); the inset in parts (b) shows the corresponding EDS spectra.
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Figure 3: (a) and (b) are low-magnification HRTEM images of the PbS : In film. The inset in parts (b) shows the corresponding high-
magnification HRTEM image.

lead to the change of the crystalline structure of PbS, which
indicates the formation of In in the as-prepared samples.

Figure 5(a) shows the UV-vis absorption spectra of
PbS : In QDs look red-shifted compared to the pristine PbS,
especially in visible region. Optical band gap of the QDs is
estimated from UV-vis absorption spectra using Kubelka-
Munk equation [32] and Tauc plot [33] (Figure 5(b)). The
optical band gap of PbS : InQD increases from 1.0 eV to 1.4 eV

as the doping concentration increases from0 to 1 : 1. However,
the threshold for the PbS doped with In (PbS : In = 1 : 1, 5 : 1)
in the NIR region in inset of Figure 5(a) is moved to shorter
wavelength than the pristine PbS, which is consistent with the
increase in band gap.

Furthermore, the PbS : In QD adsorbed TiO
2
of low

binding energy was observed by ultraviolet photoelectron
spectroscopy (UPS) spectra. Secondary cut-off is fitted to
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Table 1: Parameters of photovoltaic performance of theQDSCswith
different concentrations of PbS : In.

Sample 𝐽SC/mA cm−2 𝑉OC/V FF 𝜂 (%)
Pb : In = 1 : 1 5.07 0.39 0.36 0.71
Pb : In = 5 : 1 16.94 0.44 0.22 1.64
Pb : In = 10 : 1 19.11 0.42 0.27 2.17
Pb : In = 20 : 1 15.31 0.41 0.22 1.38
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Figure 4: The XRD patterns of PbS and PbS : In films at room
temperature and 200∘C.

energy of He I light source (21.2 eV), where measurement of
low energy region corresponds to potential energy of valence
band maximum (VBM) from the vacuum level, as shown
in Figure 5(c). The position of conduction band minimum
(CBM) can be calculated based onVBMand optical band gap
energy. Band-edge alignment is demonstrated in Figure 5(d),
where CBM of the QDs moves upward as the concentration
decreases from 0 to 10 : 1 and moves downgrade as the
concentration decreases from 10 : 1 to 20 : 1. It is indicated that
CBM is slightly altered by In concentration. So it is likely to
shape a stepwise structure of between PbS and TiO

2
band-

edge levels which is advantageous to the electron injection
into TiO

2
, as shown in Figure 5(e).

The 𝐽-𝑉 characteristics with different In-doped concen-
trations for 2 SILAR cycles of PbS:In and 4 SILAR cycles of
CdS solar cell are shown in Figure 6.The short circuit current
density (𝐽SC), the open circuit voltage (𝑉OC), the fill factor
(FF), and the power conversion efficiency (𝜂%) are shown in
Table 1, respectively. Obviously, the best performance of
the doped solar cell is achieved based on the (Pb : In)
concentration ratio (10 : 1). An inductively coupled plasma
optical emission spectroscopy (ICP-OES) was performed to
determine the actual In-doped concentration. The results
suggest the concentration was 1.6% in the PbS film. Either
higher or lower In-doped concentration might damage the

performance of QDSCs. The optimal concentration was
found to be 10 : 1 to form a cascade structure for the electronic
transmission.The implication of experimental data suggested
that 𝑉OC enhanced the increase of the doping concentration.

Similarly, the doped system with different SILAR cycles
of CdS is completed. The normalized absorption spectra
of these electrodes are shown in Figure 7(a). Absorption
around 550 nm was found in the diffusion reflectance
absorbance spectra of PbS : In/CdS deposited film, demon-
strating enhanced ability for capturing incident photons with
the increasing of the CdS layer. The 𝐽-𝑉 characteristics well
correspond to the diffusion reflectance absorbance spectra
shown in Figure 7(b). The 6 SILAR cycles of short circuit
current density (∼23.42mA⋅cm−2) are higher than other
cycles. The highest efficiency (2.36%) is obtained with the 6
SILAR cycles of CdS layer (Table 2). The addition of SILAR
cycle of CdS can reduce the recombination and enhancement
VOC in the cell is observed in Table 2.

For the comparative study, two different types of semi-
conductor photoanodes were prepared: (i) 2 SILAR cycles of
undoped PbS and 6 SILAR cycles of CdS and (ii) 2 SILAR
cycles of PbS : In (Pb : In = 10 : 1) and 6 SILAR cycles of
CdS. The normalized absorption spectra of these electrodes
are shown in Figure 8(a). Absorption around 1200 nm was
observed in the absorption spectra of PbS : In/CdS deposited
film, demonstrating enhanced ability for capturing incident
photons.

Figure 8(b) shows incident photon-to-electron conver-
sion efficiency (IPCE) spectra of the doped and undoped
QDSCs at different incident light wavelengths. Compared to
the PbS/CdS ones, much more increment in overall pho-
tocurrent response, specifically in the NIR region, was found
in the PbS : In/CdS electrodes, showing maximum IPCE
greater than 70%. Light scattering layer increases further
IPCE at longer wavelength (IPCE of 40% at 800 nm and
10% at 1200 nm). The broad absorption in the visible and
higher photoconversion efficiency highlights the importance
of In doping of the metal chalcogenide films. Very recently,
the highest short circuit current density with a maximum
EQE (74.6% at 470 nm) of PbS :Hg QD sensitized solar
cell was demonstrated to change it [28]. We can refer it to
some references [34–39]. It is indicated that short circuit
photocurrent density has a stronger relevance with working
electrode absorb light range than value of IPCE.

The 𝐽-𝑉 characteristics of these twoQDSCs are presented
in Figure 8(c). Surprisingly, PbS : In/CdS films that exhibited
a significant increment close to 50% (from 15.73mA⋅cm−2
to 23.01mA⋅cm−2) in the photocurrent are shown in Table 3,
compared to the corresponding undoped films. Similarly, the
open circuit voltage was found to dramatically increase from
0.35V to 0.39V after doping. Although the fill factor still
remained at very low level, the increase in the short circuit
current and the open circuit voltage with In-doped system
leads to the enhancement in the overall power conversion
efficiency, suggesting higher efficiency of 2.30% based on the
undoped one (1.38%).

The enhanced performance of PbS : In/CdS films is
mainly attributed to the CBM and VBM realignment by In
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Figure 5: (a) UV-vis absorption spectra of PbS : In QD (PbS : In = 0, 1 : 1, 5 : 1, 10 : 1, and 20 : 1) adsorbed TiO
2
and (b) Tauc plot calculated by

using Kubelka-Munk equation from UV-vis absorption; (c) UPS spectra of PbS : In QD (PbS : In = 0, 1 : 1, 5 : 1, 10 : 1, and 20 : 1) adsorbed TiO
2

and extrapolation of low binding energy region. (d) Band-edge alignment diagram for PbS and PbS : In QDs. (e) Schematic illustration of the
electron and hole transfer model for undoped PbS/CdS (i) and PbS : In/CdS (ii).
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Table 2: Parameters of photovoltaic performance of the QDSCs with different SILAR cycles of CdS.

Sample 𝐽SC/mA⋅cm−2 𝑉OC/V FF 𝜂 (%)
(Pb : In = 10 : 1) PbS : In(2)/CdS(4) 19.41 0.42 0.22 1.95
(Pb : In = 10 : 1) PbS : In(2)/CdS(6) 23.42 0.44 0.23 2.36
(Pb : In = 10 : 1) PbS : In(2)/CdS(8) 20.21 0.46 0.23 2.18
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Figure 6: The 𝐽-𝑉 characteristics with different concentrations of
PbS:In sensitized solar cell: Pb : In = 1 : 1 (◼), Pb : In = 5 : 1 (),
Pb : In = 10 : 1 (), and Pb : In = 20 : 1 (⬦).

Table 3: Parameters of photovoltaic performance of PbS/CdS and
PbS : In/CdS QDSCs.

Sample 𝐽SC/mA⋅cm−2 𝑉OC/V FF 𝜂 (%)
PbS/CdS 15.73 0.35 0.25 1.38
PbS : In/CdS 23.01 0.40 0.26 2.30

doping, which effectively separate the electrons and holes
into QD layers.The cascade structure of TiO

2
/PbS : In/CdS is

similar to that ofHg- andCu-doped system [26, 28], as shown
in Figure 5(e)(ii). The transmission path is advantageous to
the accumulation of more electrons for increasing photovolt-
age and short circuit current density of QDSCs. Besides, the
energy gap of PbS is maintained, which benefits multiexciton
generation.

Through the impedance measurement we can also con-
firm the above conclusions. Impedance measurement of the
QDSCs based on TiO

2
/PbS/CdS and TiO

2
/PbS : In/CdS pho-

toelectrodes is presented in Figure 8(d). Equivalent circuit in
the insert has been suggested in another sentence [37–39] to
model the impedance spectrum (IS) of QDSCs. According
to the equivalent circuit, two semicircles should be obtained
in each IS. The recombination resistance (𝑅rec, a charge-
transfer resistance related to recombination of electrons at
the TiO

2
/electrolyte interface) of the doped system is much
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Figure 7: The diffusion reflectance absorbance spectra (a) and J-V
characteristics (b) with different working electrodes based on SILAR
cycles of CdS layer: CdS(4) (◼), CdS(6) (), and CdS(8) ().

higher than undoped system. Besides, 𝑅rec is inversely pro-
portional to both the recombination rate and the density
of electrons in TiO

2
, which could partially account for the

longer electron lifetime and higher photocurrent in TiO
2
/

PbS : In/CdS photoelectrode.
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Figure 8: (a) Diffusion reflectance absorbance spectra of semiconductor films deposited on mesoporous TiO

2
films: PbS/CdS (◼),

PbS : In/CdS (). (b) IPCE spectra for PbS/CdS (◼), PbS : In/CdS (). (c) 𝐽-𝑉 characteristics of different working electrodes measured under
AM 1.5 global filter of 100mWcm−2 sunlight: undoped PbS/CdS (◼), PbS : In/CdS (). (d) Impedance measurement of QDSCs: undoped
PbS/CdS (◼), PbS : In/CdS () at an applied negative bias, 𝑉appl = −0.4V, under dark conditions. The working electrodes areas were both at
0.09 cm2.

However, there are still several factors limiting the power
conversion efficiency in QDSCs. (i) The Pt counterelectrode
has poorer performance in the improvement of the fill factor
for the QDSCs, comparing to other counterelectrodes [39,
40]. (ii) Good photoanode and bad counterelectrode do not
match each other, against electrolytic oxidation reduction
[28]. (iii) Difficulties have been also found in the SILAR
method for controlling the QD size and size distribution,
optimizing QD sensitized electrode structure, high coverage,
and band alignment of QDs, thus slowing electron injection
into TiO

2
and hole transfer into sulfide redox couples. The

high charge recombination is severe factor in achieving

higher efficiency of QDSCs [41]. However, the in situ elec-
trochemistry deposition method has been found to be an
effective approach to ensure high surface coverage of TiO

2

and direct attachment between QDs and TiO
2
matrix [42],

demonstrating a platform for fabricating high performance
solar cells via doping systems.

4. Conclusions

In summary, SILAR method was used to fabricate PbS : In
QDSCs. A superior short circuit current density up to
23mA⋅cm−2 was achieved in the resulting cells with doped
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QDs, mainly attributed to the separation of electrons and
holes and charge transfer improvement. The results demon-
strate a promising potential method for fabricating high
performance QDSCs.
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[38] I. Mora-Seró, S. Giménez, F. Fabregat-Santiago, R. Gómez,
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