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1. Introduction

Abstract

In this research, we used the co-precipitation method to fabricate
lead sulfide colloidal quantum dots (PbS CQDs) for photovoltaic
cells. PbS CQDs were deposited uniformly on a titanium dioxide
electrode by the dip-coating method. Photoelectrodes were prepared
by coating layers using the successive ionic layer adsorption and
reaction (SILAR) method. A solar simulation was used to
investigate the photovoltaic properties of photoelectrodes under one
sun illumination (100 mW/cm?) at room temperature (AM 1.5 G).
The photovoltaic measurements demonstrated that TiO»/PbS CQDs
with CdS and ZnS coating electrodes had a maximum power
conversion efficiency (PCE) of 1.01 %. The crystallite size of PbS
CQDs with different coating layers was analyzed using X-ray
diffraction (XRD), and the crystallite size range was 6-7 nm. The
existence of PbS CQDs and coating layers on the TiO» electrodes
was confirmed by scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS). UV-visible spectroscopy was
used to obtain the optical properties of the photoelectrodes. The
optical band gap was 0.72-0.75 eV.

Quantum dots are nanoparticles, and are considered a fascinating alternative for use in inorganic
semiconductors such as laser, infrared detectors, and photovoltaic cells. Colloidal quantum dots
(CQDs) are nanostructures covered by surfactant molecules or ligands and dispersed in a solution.
Their electrical and optical properties are unique, with the optical band gap and absorption spectra
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corresponding to particle size and multiple exciton generation (MEG), making them intriguing
fabrication alternatives [1-4]. CQDs are commonly synthesized using the hot injection method,
which requires rapidly injecting an organometallic precursor into a high boiling point solvent
(>150°C) under a nitrogen atmosphere. The hot injection method separates the nucleation and
growth phases, resulting in high-quality quantum dots with a controlled size distribution [5-8]. The
high temperatures under N, flow are one of the disadvantages of the hot injection method. It is too
difficult for beginners and cannot be easily prepared in a typical ambiance.

Rosiles-Perez et al. [1] studied the precipitation procedure between cationic and anionic
solutions under ultrasonic irradiation to form the required PbS CQDs. PbS CQDs are particularly
impressive semiconductor materials since the optical band gap of PbS perfectly matches the infrared
spectra wavelength range, which means they can efficiently absorb photon energy for photovoltaic
cell light-harvesting [9]. PbS CQDs have sometimes been synthesized using ultrasound-assisted
precipitation instead of the hot injection method. Unfortunately, this involves an absence of ligands
that can form protective surface layers. The nanoparticles tend to form agglomerates and lose their
monodispersed colloidal particle structure, including long-term colloidal stability. In contrast, the
co-precipitation method is an uncomplicated procedure applied to synthesize inorganic compounds.
It is the precipitation of a typically soluble component involving the creation of mixed crystals,
adsorption, and mechanical entrapment [10]. In this research, we modified the synthesis of PbS
CQDs by using co-precipitation instead of ultrasound-assisted precipitation. The photovoltaic
properties were studied for enhancement by changing coating conditions with CdS and ZnS layers
[11,12].

2. Materials and Methods

A photovoltaic cell is composed of three main components: the photoelectrode (or working-
electrode), the electrolyte, and the counter electrode. The structures of a photovoltaic cell and a
counter electrode are shown in Figure 1, and the preparation information is provided below.

(b)

Quantum dots

G - TiO.
PbS CQDs with coating la 2
QDeyilcontingllayers Electrical insulator
FTO glass

Electrical insulator

Figure 1. Schematic diagram structures of (a) a photovoltaic cell and (b) a counter electrode
2.1 Materials

For the preparation of the photovoltaic cell: lead(Il) nitrate (Pb(NOs),), sodium sulfide
(Na2S.9H,0), cadmium nitrate (Cd(NO3),.4H,0), zinc acetate (Zn(CH3COO),.2H,0), oleic acid
(CisH340), chloroform (CHCIs), hydrochloric acid (HCI), sulfur (S) and titanium dioxide (TiO,)
were purchased from Sigma-Aldrich.
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2.2 Preparation of the photoelectrode

A titanium dioxide (TiO») layer was coated using the doctor blading method on a fluorine-doped tin
oxide (FTO) substrate of area 4 cm?, followed by drying at room temperature for 15 min and sintered
at 500°C for 30 min. The TiO; layer on FTO glass had a thickness of 5 um, and the active area of
all photoelectrodes was 0.25 cm?. In addition, three devices were measured for each condition to
obtain the properties of photovoltaic cells.

PbS CQDs were synthesized using the co-precipitation method. 0.02 M of lead nitrate was
gradually added to 0.02 M of sodium sulfide in a beaker. Subsequently, we obtained PbS solids in
solution, which were then annealed them at 95°C for 3 h. The PbS solids were added to a beaker in
an oil bath at 160-170°C for 5 min. After that, 10.3 mmol of oleic acid was added and mixed for 10
min. The beaker in the oil bath was then put in an ice bath for 5 min before being transferred onto a
magnetic stirrer and stirred at room temperature for 15 min. The particle size was selected by
centrifugation at 3,000 rpm and 5,000 rpm for 5 min and 10 min, respectively, and the precipitate
was removed from the tube. 10 mL of chloroform solution was then added to the tube. Then, the
PbS CQDs dispersed in chloroform solution were obtained. Each TiO, electrode was immersed into
the PbS CQDs solution twice for 1 min per time using the dip-coating method.

CdS and ZnS layers were prepared by the SILAR method. Cd(NOs); at a concentration of
0.05 M was used as the cationic solution, and Na,S solution at a concentration of 0.05 M was used
as anionic solution for forming CdS layers. Zn(CH3COQO); at concentration of 0.1 M was used as
the cationic solution, and Na,S solution with a concentration of 0.1 M was used as anionic solution
for forming ZnS layers. The TiO»/PbS CQD electrode was immersed in the cation solution for 1
min, then washed with methanol. After that, it was immersed in the anion solution for 1 min, then
washed with methanol. This technique was performed five times for the CdS layers and two times
for the ZnS layers.

2.3 Preparation of the electrolyte

The photoelectrode was separated by a redox electrolyte or hole conductor from the counter
electrode. The electrolyte was made by mixing 10 ml of DI water, 0.34 g of sulfur, and 2.44 g of
Na,S at 45°C for 2 h.

2.4 Preparation of the counter electrode

The counter electrode was prepared by immersing a copper sheet of area 4 cm? in HCI solution at
70-75°C for 5 min. An electrical insulator was used to restrict the active area to 0.25 cm?. The
polysulfide electrolyte was then dropped onto the active area of the copper surface. As a result, the
Cu,S counter electrode was created.

2.5 Characterizations

FEI, Quanta 250 scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy
(EDS) were used to study the photoelectrode characteristics and the existence of CdS and ZnS on
TiO2/PbS CQDs electrode’s surface. The crystal structure and crystallite size were analyzed using
Rigaku, MiniFlex X-ray diffraction (XRD). UV-visible spectroscopy (Shimadzu, UV-2600i) was
used to obtain the optical properties. The photovoltaic properties of the TiO»/PbS CQDs electrodes
with coating layers were investigated using a Keithley 2400 with 150 W short-arc Xe lamp light
source solar simulation (Peccell Technologies, PEC-L11) at room temperature under one sun (100
mW/cm?) and higher (A.M. 1.5G, Effective illumination area).
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3. Results and Discussion

PbS CQDs with various coating layers were deposited on the TiO, surface, as illustrated in Figure
2. The thickness of the TiO; layer was about 5 um, as shown in the cross-sectional SEM image
(Figure 3). Figure 4(a) shows the SEM images of PbS CQDs with a higher degree of porousness on
the TiO; surface. The deposited PbS CQDs and CdS/ZnS layers reduced the porosity between TiO»
round-shaped structures, as shown in Figures 4(b) and 4(c), respectively. Lower porosity facilitates
charge transfer between PbS CQDs and TiO, and causes more energetic injection of electrons
produced by PbS CQDs into the TiO, conduction band. Energy dispersive X-ray spectroscopy
(EDS) revealed the weights of elements present and their atomic percentages. The number of
spherical clusters detected on the surface of TiO, electrodes increased as the number of layers
increased. Figure 5 indicates that PbS CQDs and coating layers were formed on the TiO, surface.
Consequently, photovoltaic properties were enhanced when PbS CQDs with coating layers were
deposited on the TiO, surface [13, 14].
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Figure 2. Schematic diagram of deposited QDs on TiO; electrode
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Figure 3. Cross-sectional SEM image of TiO; thin film layer
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Figure 5. Energy dispersive X-ray spectroscopy spectra of: (a) TiO: (b) TiO»/PbS CQDs
(c) TiO2/PbS CQDs/ZnS (d) TiO»/PbS CQDs/CdS (e) TiO»/PbS CQDs/CdS/ZnS
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The crystalline structure and phase of nanomaterials with a slightly amorphous background
were verified using X-ray diffraction analysis. Figure 6 shows the structural characterization of TiO,
and PbS CQDs by XRD analysis in the angle 26 range of 10° to 90°. All diffraction peaks correspond
to the tetragonal structure of anatase TiO, (JCPDS No. 01-075-1537) and the cubic phase of PbS
(JCPDS No. 00-001-0880). The X-ray diffraction patterns show only TiO and PbS planes without
crystalline CdS and ZnS planes because their quantities were insufficient [15, 16]. The X-ray
diffraction patterns of PbS CQDs consist of diffraction peaks that correspond to planes (200), (220),
and (311). Rigaku software and Scherrer’s equation (1) were used to calculate the s average size of
crystallite.

0.941
- LcosO (1 )

D is the crystallite size, K is a shape factor equal to 0.94, A is the X-ray wavelength equal to 1.54
angstrom, B is the full width at half maximum (FWHM) in radians, and 6 is the half diffraction of
angle. According to Rigaku software and equation (1), the average crystallite size of PbS CQDs was
around 6.72+0.09 nm.
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Figure 6. XRD patterns of TiO»/PbS CQDs with various coating layers

Figures 7-9 show that the optical properties of TiO,, ZnS, and CdS electrodes as analyzed
using UV-visible spectroscopy and a corresponding Tauc plot. Their absorption edges occurred at
about 390, 350, and 500 nm, respectively. PbS CQDs dispersed in chloroform were analyzed using
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UV-visible spectroscopy further since the TiO»/PbS electrode had low UV-visible absorption.
Figure 10 shows the optical band gap of PbS CQDs dispersed in chloroform. Their optical band gap
and particle size were found to be 1.02 eV and 4.21 nm, respectively, which were consistent with
Moreels’ study. Nevertheless, the crystallite size calculated with Rigaku software and Scherrer’s
equation is slightly larger than the particle size dispersed in liquid because of the deposition of PbS
CQDs on the TiO; surface [15]. Table 1 shows the experimental results compared to their literature
values.
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Figure 7. UV-visible absorbance spectra of TiO,. Inset: Corresponding Tauc plot
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Figure 8. UV-visible absorbance spectra of TiO,. Inset: Corresponding Tauc plot
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Figure 9. UV-visible absorbance spectra of CdS. Inset: Corresponding Tauc plot
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Figure 10. The optical band gap of PbS CQDs dispersed in chloroform
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Table 1. Optical band gaps of TiO,, ZnS, CdS, and PbS CQDs compared to their literature values

The optical band gap (eV)

Materials Experimental results literature values References
TiO» 3.16 3.20 Dette et al. [17]
ZnS 3.56 3.44-3.56 Lindroos et al. [18]
Cds 2.54 2.42-2.82 Kyobe et al. [19]
PbS 1.02 0.71-1.28 Moreels et al. [20]

Figure 11 shows the absorbance spectra of photoelectrodes, which were characterized by
UV-visible spectroscopy. The TiO»/PbS CQDs electrode has poor absorption of UV-visible light.
The absorption of the other photoelectrodes shifted towards longer wavelengths, and absorbances
increased when coating layers were added to the photoelectrodes. The optical properties of lead
sulfide appeared low when the TiO2/PbS CQDs electrode was analyzed for absorption because the
light source was used to generate light in UV-visible spectra. It was reasonable to expect that the
TiO2/PbS CQDs electrode may have absorbed light at a higher wavelength range [14]. Furthermore,
this indicated that adding CdS and ZnS layers enhanced the light-harvesting performance of
photoelectrodes more than the TiO»/PbS CQDs electrode, which did not have coating layers,
Consequently, the assumption was supported by calculating the optical bandgap using equation (2)
based on Moreels’ study [20].

1
Eg =041+ 0.0252d2+0.283d @)

where E, is the optical band gap, and d is a particle or crystallite size, employing the size obtained
by X-ray diffraction. The optical band gap was found to be 0.72-0.75 eV.
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Figure 11. The UV-visible absorbance spectra of TiO; electrode with PbS CQDs deposits and
with various coating layers
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Figure 12 shows the UV-visible absorbance spectra of TiO»/PbS CQDs and TiO./PbS
CQDs/ZnS electrodes for comparison. The TiO»/PbS CQDs/ZnS electrode increased absorbance
because ZnS was deposited on the TiO»/PbS CQDs electrode surface making the surface darker with
an increased amount of ZnS [15]. This ZnS layer caused the UV-visible absorbance spectra of the
Ti0,/PbS CQDs electrode to grow. In addition, the UV-visible absorbance spectra of the TiO»/PbS
CQDs/CdS electrode showed an absorption wavelength at about 650 nm because the absorption
edge of the TiO,/CdS electrode occurred at around 500 nm. Thus, the maximum wavelength range
that TiO/PbS CQDs/CdS electrode could absorb was 400-700 nm. The UV-visible absorbance
spectra of TiO2/PbS CQDs, TiO»/CdS, and TiO»/PbS CQDs/CdS electrodes are shown in Figure 13
for comparison. The absorbance spectra of the TiO»/PbS CQDs/CdS/ZnS electrode had a shorter
wavelength range than the TiO»/PbS CQDs/ZnS electrode since ZnS was deposited on CdS layers,
and it made the surface darker yellow. Consequently, the UV-visible absorbance spectra of the
Ti0,/PbS CQDs/CdS/ZnS electrode grew in the 400-700 nm range.

The power conversion efficiency was studied using a solar simulation (AM 1.5 G) under
illumination conditions (100 mW/cm?) at room temperature. The schematic diagram of the working
principle of a typical quantum dot solar cell is shown in Figure 14. The electron is excited into the
conduction band (CB) of QDs, while the hole stays in the valence band (VB). The electron from the
excited CB of QDs is injected into the CB of anatase TiO,. The injected electron from QDs
percolates through the porous TiO, layer and eventually reaches the FTO glass. It then passes
through the external load before returning to the Cu,S electrode to complete the circuit.
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Figure 12. UV-visible absorbance spectra of TiO2/PbS and TiO»/PbS/ZnS electrodes
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Figure 13. UV-visible absorbance spectra of TiO»/PbS CQDs, TiO,/CdS, and TiO»/PbS
CQDs/CdS electrodes
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Figure 14. Working principle of a typical quantum dot solar cell

The photovoltaic cell parameters of TiO2, TiO»/ZnS, and TiO»/PbS CQDs electrodes were
quite unsatisfactory without coating layers. The power conversion efficiency (PCE) of TiO, and
Ti0,/ZnS without PbS CQDs electrodes is poor because of the wide optical band gap, which requires
more energy to excite an electron to the conduction band and affects the fill factor of photovoltaic
cells [21]. Consequently, several metal sulfide ions, such as PbS, CdS, BiS;, and Ag,S, can be
interesting candidates as sensitizers for wide band gap materials [22]. Table 2 shows the condition
of coating layers that influenced photovoltaic cell parameters such as short-circuit current density

(Jsc), open-circuit voltage (Vo.), fill factor, and PCE.
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Table 2. The average photovoltaic cell parameters and standard deviations of photoelectrodes under
one sun illumination

Condition Jsc [mA/cm?] Vo [volt] Fill factor PCE [%]
TiO> 0.90+0.34 0.19+0.03 0.21+0.01 0.05+0.01
Ti02/ZnS 1.1340.33 0.37+0.02 0.18+0.06 0.06+0.01
TiO,/PbS CQDs 1.16+0.16 0.36+0.01 0.56+0.05 0.22+0.01
TiO,/CdS 2.59+0.03 0.41+0.03 0.48+0.09 0.57+0.11
Ti0,/PbS CQDs/ZnS 2.82+0.04 0.43£0.01 0.49+0.02 0.59+0.05
Ti0,/PbS CQDs/CdS 3.21+0.09 0.44+0.01 0.56+0.01 0.78+0.02
Ti02/PbS
CQDs/CdS/ZnS 3.414£0.03 0.52+0.01 0.58+0.01 1.01+£0.02

The efficiency of TiO»/PbS CQDs electrodes tended to rise when the coating layers were
modified. Electrons from PbS efficiently react with the polysulfide electrolyte when light is
absorbed due to the narrow band gap (0.41-1.28 eV) [22]. Thus, the TiO»/PbS CQDs electrode
needed to be passivated by CdS and ZnS coating layers. The short-circuit current density (Jsc) and
open-circuit voltage (Vo) were significantly raised from 1.16 mA/cm? to 3.41 mA/cm? and 0.36 V
to 0.52 V, respectively, as the various coating layers were applied. The increased current density of
TiO2/PbS CQDs, TiO2/PbS CQDs/ZnS, TiO»/PbS CQDs/CdS, and TiO»/PbS CQDs/CdS/ZnS
corresponded with the optical properties analyzed by UV-visible spectroscopy.

Furthermore, it was demonstrated that cadmium sulfide and zinc sulfide coating layers
were applied to increase photocurrent and power conversion efficiency due to the rising absorption
light [23].

4. Conclusions

We reported on an elementary method for synthesizing PbS CQDs by the co-precipitation method
on the Ti0; electrode. PbS CQDs diffraction peaks corresponded to the cubic phase with a crystallite
size of around 6-7 nm. The calculated optical band gap of photoelectrodes was found to be 0.72-
0.75 eV when the crystallite size was substituted into the equation based on Moreels’ study.
Furthermore, PbS CQDs dispersed in chloroform were analyzed. Their optical band gap and particle
size were around 1.02-1.03 eV and 4-5 nm, respectively. Under one sun illumination, the TiO»/PbS
CQDs electrode with CdS and ZnS layers obtained the highest current density of 3.41 mA/cm? and
the maximum power conversion efficiency of 1.01%. The improved photovoltaic cell performance
was related to the extended light-harvesting quantity of the TiO,/PbS CQDs electrode. CdS and ZnS
layers improved power conversion efficiency compared to TiO»/PbS CQDs electrodes.

These studies offer evidence that CdS and ZnS layers effectively improve photovoltaic cell
absorbance and electrical properties. We conclude that these initial results indicate that the CdS and
ZnS layers can enhance light absorption and photovoltaic properties. Further studies are needed to
establish whether these findings can be applied to perovskite solar cells [24-26].
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