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Abstract : TiO2nanoparticles co-sensitized by CdS and PbS quantum dots (QD) were
successfully prepared by a two-step process of sol gel method followed by successive ionic
layer adsorption and reaction (SILAR) technique. Optical band gap energy and the particle size
of the QD were determined from UV-Vis DRS spectra by using Tauc method and Brus model,
respectively.  XRD patterns indicated that the TiO2nanoparticles have a nano-size crystallite
range of 20-50 nm, while the DRS analysis showed that the optical band gap of TiO2 and CdS
were 3,34 eV and 2,38 eV, respectively. The diameter of CdS QD calculated by Tauc and Yu
equation was around 9 nm. The shifted of optical band gap from UV to visible region was used
to monitor the enhancement of visible photocurrent. Photoelectrochemical test showed that the
TiO2 (Eg = 3.34 eV) generated a photocurrent in the visible region of 0.01 mA/cm2 and after
TiO2 coated  by  CdS  (Eg  =  2.38  eV)  its  photocurrent  increased  to  0.30  mA/cm2. The results
showed that the PbS/CdS co-sensitization have successfully enhanced the performance of TiO2
photoelectrode by improving visible light adsorption efficiency and electron transport rate. We
believe that this sensitizers and proposed structure have good prospects for photovoltaic
development in the future.
Keywords: Optical bandgap, photoelectrochemical, quantum dot, sensitizer, TiO2.

Introduction

The use of fossil fuels has been viewed as a major environmental threat because of their substantial
contribution to greenhouse gases. These conditions encourage many researchers to harness the sun’s energy
which could not just solve the present energy problem but also fulfill our future demand. As one hour solar
energy can be used for one year, therefore, we only need to harvest less than 0.02 of solar energy1. There are
many researches for solving our energy problems and among the renewable energy sources, solar cells have
attracted a great interest as a solution to this situation2,3. Today, the silicon-based photovoltaic devices have
power-conversion efficiencies over 20%4. However, the issues of high cost and environmentally-harmful waste
in the processing technologies of silicon-based solar cells should be resolved5. Dye-sensitized solar cells
(DSSCs) invented by Michael Grätzel became a very popular alternative to silicon based solar cells because of
their great potential to convert solar energy into electric energy at low cost6,7. This cell can be made from cheap
materials such as inorganic and organic dyes which do not need to be highly pure as is required for silicon solar
cell8.A typical DSSC consist sofa working electrode (photoanode) and acounter electrode(CE) separated by as
altelectrolyte9. Photo anode consists of a mesoporous wide band gap semiconductor (TiO2) layer that is attached
to the conducting glass. Titanium dioxide (TiO2) has been extensively used as a photo anode for quantum dot
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sensitized solar cells (QDSSCs)because of its favorable band-edge positions, strong optical absorption, good
chemical stability, photocorrosion resistance, and low cost.  However, its large band gap (3.2 eV) means
thatTiO2 can only harvest UV light, which is just 5% of sunlight, resulting in low energy conversion efficiency.
Much effort has been made to improve its visible light harvesting ability.One of the strategies that is widely
employed in QDSSCs, is sensitizing TiO2 with multiple narrow band gap semiconductors such as CdS, and
PbS10.Among the various QD materials, CdS has been receiving much attention because of its high potential in
photoabsorption in the visible region. However, CdS semiconductors only absorb visible light with the energy
more than 2.4 eV, and visible light with wavelength longer than 520 nm cannot be absorbed. PbS is regarded as
a promising material for solar energy due to its band gap (Eg = 0.41 eV) which covers the range of the solar
spectrum. Therefore, combination of rapid electron injection rate by CdS nanoparticles and wide visible light
absorption area by PbS nanoparticles could enhance the charge separation and extend the absorption response to
the entire visible region11.

In  this  study,  we prepared TiO2 photoelectrode and sensitized them by multiple quantum dots, which
are PbS and CdS. The effects of the deposition of quantum dots (PbS, CdS) to the generated photocurrent were
investigated. The relationships between visible photocurrent enhancement and optical band gap shift will be
studied and discussed herein.

Methodology

All chemicals and solvents used in this research were of reagent grade. Titanium (IV) isopropoxide
(TTIP), polyethylene glycol (PEG,Mr = 1000), triethanolamine were purchased from Sigma Aldrich. While
methanol, ethanol, Cd(CH3COO)2.2H2O, Na2S.9H2O, Pb(NO3)2were purchased from Merck. Distilled water
produced from a BioPure purification system was used throughout the experiments and homemade fluor doped
tin oxide (FTO) with the sheet resistance = 21Ω/sq12.

1. Preparation of FTO/TiO2 film

TiO2 sol was prepared by mixing of 7.5 mL TTIP, 2.4 mL triethanolamine, and 36 mL of ethanol. The
mixture was stirred with a magnetic stirrer at room temperature for 1.5 hours, then was added by adequate
ethanol-water (4.5mL:0.5mL) and 2 grams of PEG, and stirred for 1.5 hours. The resulted sol then was used to
coat the FTO glass by a dip coating method, and then annealed at 500ºC for 1 hour. This step was repeated for 5
times.

2. Preparation of  FTO/TiO2/CdS film

CdS quantum dot (QD) was prepared by successive ionic layer adsorption and reaction (SILAR)
method. Individual solution containing Cd(CH3COO)2 and  Na2S  were  used  as  a  Cd  and  S  precursor,
respectively. The CdS was deposited directly by immersing the FTO/TiO2 glass into the solution of
Cd(CH3COO)2 0.3M for 2 minutes, then rinsed with distilled water. Then was immersed in the solution of
Na2S 0.3M for 2 minutes, then rinsed with distilled water. This step was repeated 10 times until the optimum
CdS layer was formed.

3. Preparation of  FTO/TiO2/PbS/CdS film

PbS was prepared by a SILAR method. The FTO/TiO2 was soaked in the solution of Pb(NO3)2 0,02M
in methanol for 2 minutes and then rinsed with ethanol. Then was soaked in a solution of Na2S 0,02M in
methanol: water (1:1) for 5 minutes, then rinsed with ethanol. This step was performed up to 3 cycles in order to
obtain desired thickness. Then proceeded by the CdS layer in the same manner as above.

4. Characterizations

Characterization of the film structure was done by using X-ray diffractometer (Shimadzu XRD 7000)
with CuKα radiation (λ = 1.5418 Å), at 30 kV, 10 mA. The surface morphology of the film surface was
observed with field emission scanning electron microscope (FESEM, FEI-Inspect F50) and composition of the
constituent elements measured by Energy Dispersive Spectroscopy (EDS) Apollo X.  Optical band gap was
obtained from UV–Vis diffuse reflectance spectra that were recorded by UV–Vis diffuse reflectance
spectrophotometer (DRS) Simadzu UV2450. Generated photocurrent was measured using an electrochemical
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workstation (e-DAQ/e-recorder 401) using 60W wolfram lamp as visible light source (with the intensity 2.2
mW/cm2)  and Na2S 0.3M solution as electrolyte.

Results and Discussion

1. Structural and morphological studies

Figure  1  showed  the  XRD patterns  of  the  FTO,  FTO/TiO2, and FTO/TiO2/PbS/CdS  films.  The  XRD
pattern from figure 1a showed that the FTO substrates have a cassiterite structure (JCPDS no.41-1445).As
shown in Figure 1b, besides the diffraction peaks from cassiterite on structured SnO2, the other peaks could be
indexed as the (101), (004), and (200) planes of tetragonalanatase structure TiO2 (JCPDS no.21-1272).

Figure 1.X-ray diffraction patterns of a)FTO, b)FTO/TiO2, c)FTO/TiO2/PbS/CdS films

Meanwhile, due to small quantities of PbS and CdS, so after PbS/CdS was deposited on the surface of
TiO2,  it didn’t show any clear new peaks. PbS and CdS only appeared as a small peak, and allowed the other
peaks that overlap with existing peak of FTO and TiO2. It was also probably because of PbS and CdS only dried
at room temperature without any calcination so it was possible that the PbS and CdS still amorphous, so that the
resulted peaks were small and broad. According to Balaz et al., 200313, CdS had two structures, these were
hexagonal α-CdS called greenockite (JCPDS 41-1049) and cubic β-CdS called hawleyite (JCPDS 10-0454),
while PbS had only galena structure(JCPDS 05-0592).The XRD pattern from figure 1c showed that CdS had
three peaks corresponding to (200), (220), and (311)planes of cubic β-CdS (hawleyite) at 2θ values of 31.1⁰,
44.5⁰, and 51.8⁰, respectively, while PbS showed one broad peak at 2θ values of 53.4⁰ identified to be due to
reflections from (222)planes of cubic PbS (galena).The crystallite size of TiO2 was estimated using the
following Scherrer equation14:

1)
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where the constant k is a shape factor usually ∼0.9, λ is the wave length of X-ray (0.15418 nm), β is the
full width at half maximum(FWHM) in radians and θ is the Bragg’s angle.  The  estimation  showed that  the
mean  crystallyte  size  of  the  anatase  TiO2 particles  calculated  from  Scherrer equation was 20–50  nm.

Figure 2. FESEM images of FTO/TiO2 layer a) before, b) after coated by PbS/CdS QD

Figure 3.EDS spectra and elementals composition of a) FTO/TiO2 and b) FTO/TiO2/PbS/CdS films

Figure 2a showed the typical FESEM images of TiO2nanoparticles on the FTO-coated glass substrate,
confirming that the FTO-coated glass substrate was uniformly covered with ordered TiO2 nanoparticles. Figure
2bshowed TiO2 nanoparticles   was coated by PbS/CdS QD. These results  were confirmed by EDS spectra  in
Figure 3.  Before TiO2was coated by CdS, there were only a constituent element of titanium (Ti) and oxygen
(O), but after being coated by PbS/CdS, it appeared all the constituent elements with the content of each
44.69% Ti, 40.10% O, 8.42% cadmium (Cd), 3.77% lead (Pb), and 3.02%sulphur (S). This indicated that PbS
and CdS had successfully synthesized and deposited on the surface of TiO2. Based on EDS spectra in Figure 3a,
the elemental composition of  titanium (Ar = 48) was 63.41% (1.3 mole) and oxygen (Ar = 16) was 36.59% (2.3
mole).From the mole ratio of Ti and O = 1: 2, it was confirmed that the compound was TiO2. While based on
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the EDS spectra in Figure 3b, in addition to the elements Ti and O, there was also an element of cadmium (Ar =
112) as much as 8.72% (0.075 mole), sulphur (Ar = 32) as much as 3.02% (0.093 mole), and lead (Ar = 207) as
much as 3.77% (0.018 mole). Mole ratio of S in the compounds of CdS and PbS was 1: 1. The formation of
CdS compound needed 0.075 mole S, so there was remaining S as much as 0.018mole, and this rest of mole S
was used to bind with Pb, forming compound of PbS.

2. Optical band gap and particle size determination

The UV–Vis diffuse reflectance spectra (DRS) were used to find the optical band gap of the FTO/TiO2,
FTO/TiO2/CdS and FTO/TiO2/PbS/CdS films. Figure4(left) showed that FTO/TiO2spectrum exhibited a strong
absorption edge at around 380 nm. This UV–Vis DRS indicated that the excitation occurred on the UV light
irradiation. And after it was coated by CdS or PbS/CdS, the strong absorption edge moved to wavelength of
around 520 nm.  Hence, it indicated that the excitation of the FTO/TiO2/CdS and FTO/TiO2/PbS/CdS films shift
to the visible light irradiation.

Figure 4. Left: DRS spectra ; Right: Optical band gap energy curve of TiO2, TiO2/CdS, and
TiO2/PbS/CdS films

The band gap energy of the TiO2, TiO2/CdS and TiO2/PbS/CdS films were evaluated using Kubelka–
Munk F(R) function15,16.

2)

The determination of optical band gap was obtained by Tauc’s equation17.

3)

Where, R is the reflectance, α is the absorption coefficient, S is the scattering coefficient, A is a constant that
depends on the properties of the material, hv is the  energy of the incident photons, h is Planck’s constant, v is
the frequency of the photon, Eg is the optical band gap, and n is a constant value that depends on the transition
type; n = ¹/₂ ,  ³/₂ for allowed and forbidden direct transition, n = 2, 3 for allowed and forbidden indirect
transition, respectively. The optical band gap energy was determined by plotting (F(R)hV)² vs hV, as shown in
Figure4 (right).  The extrapolation of (F(R)hV)² vs hV to zero would result in E = Eg and gavethe band gap
energy of 3,34eV, 2,38eV and 2,39eV for TiO2, TiO2/CdS and TiO2/PbS/CdS films, respectively. It shown that
the deposition of  CdS and PbS QDs into TiO2 can shift its optical absorption edge from UV into visible light
range.

The size of the QDs can be estimated using the following Brus equation18.
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4)

Where ∆E is the band gap energy shift, E1 is the band gap of the QD, Eg is the band gap of the bulk materials, r
is the radius of the QD, h is the Plank’s constant, and me and mh are the effective masses of the electron and
hole, respectively.  For CdS material, me = 0.19mo, mh = 0.80mo (mo = 9.11 x 10-31 kg), and Eg = 2.25eV19.
The  estimation  showed that  the diameter of  CdSQD calculated  from  Brus equation was8.6 nm.  In addition
of Brus equation, the size of the QD can also be estimated using Yu equation.  Yu model is an empirical
relationship between the wavelength value corresponding to the Eg and the particle diameter (D), for CdS QD
expressed as:20

5)

According to Zhang et al., 200921, the energy band gap (Eg) of CdS nanoparticles can be calculated
using equation 6:

6)

The diameter estimation of CdSQD calculated by Yu equation was 8.9nm.  Detailed calculation of the
QD  diameter  by  using  both  equations,  can  be  seen  in  Table  1.  Generally,  QDs  are  extremely  small
semiconductor nano crystals with a size comparable to the Bohr radius of an exciton.  For most semiconductors,
the Bohr radius of an exciton was in the range of 1 – 10 nm22.

Table 1. Diameter of quantum dots, estimated by Brus equation and Yu equation

Type of
QDs

Band gap of
bulk CdS
(Eg), eV

Band gap
of QD
(E1), eV

Wavelength
of QD, nm
(λ=1240/E1)

Diameter
of QD, nm
(Brus eq.)

Diameter
of QD, nm
(Yu eq.)

CdS 2.25 2.38 521 8.6 8.9

PbS/CdS 2.25 2.39 519 8.4 8.7

3. Photocurrent response study

According to Jiao et al., 201323, there are three strategies  to improve the performance of solar cell: by
improving light harvesting efficiency, the electron transport rate, and decrease the degree of charge
recombination. Figure 4 shown that TiO2 absorb mainly the ultraviolet  light with a wavelength below 400 nm.
After the deposition of CdS QD, the absorption edge is shifted significantly toward the visible region with a
band edge of 520 nm. Further sensitization by PbS/CdS QD can absorb all the visible light in the solar
spectrum, making it a promising sensitizer for solar cell applications. As shown in Figure5a that photocurrent
responses of the FTO/TiO2, FTO/TiO2/CdS and FTO/TiO2/PbS/CdS electrodes measured under visible-light
irradiation were 0,01 mA/cm2, 0.19 mA/cm2 and 0.30 mA/cm2, respectively.FTO/TiO2 electrode didn’t show
any obvious enhancement in visible photocurrent because of poor visible light absorption. After TiO2 sensitized
by PbS/CdS QD, the band gap shifted to visible region. Our results indicated that the high photocurrent of
FTO/TiO2/PbS/CdS electrode was attributed to the high visible light harvesting efficiency and the effective
electron transport rate from the conduction band QD to conduction band TiO2.Figure 5b shown that by coupling
two narrow bandgap semiconductors, such as CdS and PbS, was possible to maximize the efficiency of charge
separation. The matched of the conduction and valence bands of the two semiconductors, allowed the
accumulation of electrons and holes in two separate particles, thus allowing enough time to capture one of the
charge carriers at the electrode surface
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Figure 5 a) Photocurrent of FTO/TiO2, FTO/TiO2/CdS and FTO/TiO2/PbS/CdS photoelectrode,
b) Illustration of the electron transport mechanism in FTO/TiO2/PbS/CdS photoelectrode

PbS with narrow band gap energy could be easily excited by visible light with low energy and induced
the generation of electron hole pairs. However, the conduction of bulk PbS is more positive than TiO2, and the
electron transfer from conduction band of PbS to TiO2would be inhibited. Fortunately, the quantum effect of
PbS QD could change conduction band location. The nano-size of the PbS QD could cause the split of the
conduction band, so the location could be more negative than TiO2, and the electron injection was occurred
from the photo excited of PbS QD into the conduction band of TiO2. Hence, the electrons were collected from
CdS and transferred across the interface of PbS, and then transferred to the surface of the TiO2 nanoparticles.
The electrons then traveled along the TiO2 nanoparticles, passed through the interface between TiO2-FTO to the
external circuit. The detailed mechanism about the electron transport of FTO/TiO2/PbS/CdS photoelectrode was
illustrated in Figure 5b

Conclusion

PbS and CdS QD for sensitizing TiO2 photoelectrode have successfully prepared by SILAR method.
Optical band gap and particle size of QD was determined by using UV-Vis DRS spectra and got the optical
band gap of 3.34eV, 2.38eV, 2.39eV for TiO2, TiO2/CdS and TiO2/PbS/CdS, respectively.  Particle size of the
QD was calculated by using Tauc and Yu equation, with the result around 9 nm which is comparable with their
Bohr radius.  The shifted of optical band gap from UV to visible region can be used to monitor the enhancement
of visible photocurrent. CdS and PbS QDs as co-sensitizers were successfully enhancing the performance of
TiO2 photoelectrode by improving light harvesting efficiency and electron transport rate. We believed that this
sensitizers and proposed configuration have good prospects for photovoltaic development in the future.
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