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INTRODUCTION

Quantum dot-sensitized solar cells (QDSSCs) have gained more attention recently in the area of solar
power conversion systems due to their low production cost and the excellent properties of quantum
dots such as ability of multiple exciton generation (MEQG), tuneable energy gap due to the quantum
confinement effect and high molar extinction coefficients. The working principle and structure of
QDSSC is similar to the dye-sensitized solar cell. Only difference between these solar cells is the
sensitizer. In dye-sensitized solar cells, organic or metal organic dyes are used as sensitizers while in
the case of QDSSC, the dyes are replaced by inorganic semiconductor quantum dots.

PbS quantum dot is an IV-VI type semiconductor with a bulk bandgap of 0.41 eV and a large exciton
Bohr radius of 18 nm. It has high photosensitivity in the near-infrared region and due to the quantum
confinement effect, the energy gap can be tuned for the absorption of visible to infrared photons
(Moreels et al., 2009). PbS quantum dots have attracted work in various optoelectronic devices
including infrared detectors (Clifford et al., 2007; Heves & Gurbuz, 2012; Mi et al., 2017) and
quantum dot-sensitized solar cells (Yoon et al., 2013; Zhao et al., 2010). Performance of QDSSCs can
be enhanced by increasing the light absorption by scattering effect. Light scattering can be improved
by introducing different layers having different surface morphological structures to the photoanodes.
For example, Wan et al. reported TiO, nanorod array based QDSSC with an efficiency of 3.14%
(Wan et al., 2016). The surfaces of the nanorods were etched and nano caves were formed. These
structures enhance the surface area of the photoanode for CdS quantum dot formation and enhance the
diffused reflectance ability of the photoanode.

In the present study, TiO2 nanoparticle photoanode based PbS QDSSCs have been fabricated with
suitable SILAR cycles. Number of SILAR cycles for the best solar cell has been optimized. In order to
enhance the performance of the solar cells by enhanced light absorption by scattering, the same
thickness TiO2 nanofiber electrodes have been fabricated and sensitized with PbS quantum dots.

METHODOLOGY

Preparation of TiO; Nanoparticle (NP) electrodes

A pinhole free compact layer (CL) of TiO, was first deposited on a pre-cleaned FTO glass substrate by
the following method. 1 ml of titanium (IV) isopropoxide, 1 ml of propan-1-ol, 1 ml of glacial acetic
acid and 1 drop of con. HNO; was added to 8 ml of ethanol and the mixture was mixed well. This
solution was then spin coated on the conducting side of the FTO glass substrate at 3000 rpm for 1
minute. Substrate was sintered at 450 °C for 45 minutes. The above substrate with a compact layer
was then covered with a paste prepared with P90 TiO, as follows. 0.25 g of TiO, P90 powder was
ground well for 15 minutes with 1 ml of 0.1 M HNOs. The paste was spin coated on the TiO, compact
layer at 3000 rpm for 1 minute and sintered at 450 °C for 45 minutes. For preparation of TiO, P25
paste, 0.25 g of TiO, powder and 1 ml of 0.1 M HNOs were ground using mortar and pestle. Then,
0.02 g of Triton X-100 and 0.05 g of Poly ethylene glycol 1000 were used as the binder and the
mixture was ground until it became a creamy paste (Kumari et al., 2017). This TiO, P25 paste was
spin coated on TiO, CL/TiO, P90 layer at 1000 rpm for 1 minute. Then the electrode was sintered at
450 °C for 45 minutes.
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Preparation of TiO; Nanofiber (NF) electrodes

On top of the TiO, CL/Ti0, P90 electrode a TiO, nanofiber layer was deposited. Initially, 9.5 ml of N,
N-dimethylformamide 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 subjected to magnetic stirring for
20 minutes. Finally, 0.75 g of poly (vinyl acetate) was added to the mixture and magnetically stirred
for 4 hours. A TiO; nanofiber (NF) layer was deposited for 20 minutes with a solution flow rate of 2
ml h' on the FTO/TiO, CL/ TiO, P90 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 (Dissanayake et al.,
2016).

Deposition of quantum dots

PbS quantum dots were deposited on TiO; electrodes by successive ionic layer adsorption and reaction
(SILAR) method. Aqueous solutions of 0.1 M Pb(NOs), and 0.1 M Na,S were used as cationic
precursor solution and anionic precursor solution respectively. In this method, electrodes are immersed
alternatively into cationic and anionic precursor solutions. Between immersing processes, the
electrode was rinsed in deionized water and dried.

Preparation of polysulfide electrolyte

Polysulfide electrolyte was prepared by dissolving 2 M Na,S and 2 M S in a mixture of water and
methanol in the ratio of 3:7 (v/v). The mixture was subjected to magnetic stirring at room temperature
until all the sulfur was dissolved.

Preparation of Cu:S counter electrode

A cleaned brass plate was immersed in conc. HCI at 80 °C for 10 minutes. A scotch tape mask with an
appropriate area was applied on the surface of the treated brass plate. Synthesized polysulfide
electrolyte was applied to the unmasked area which became black in colour due to the formation of
CusS. This electrode was used as the counter electrode of the QDSSCs.

Cell assembly and current-voltage characterization

An appropriate amount of polysulfide electrolyte was applied on the unmasked area of the Cu.S
counter electrode. TiO, photoanode was placed on the electrolyte so that the active sides of both
electrodes were facing each other with the electrolyte in between them and held together using steel
clips. Current-voltage measurements of each QDSSCs were done under the illumination of 100 mW
cm? with AM 1.5 spectral filter using a computer controlled multi-meter (Keithley 2000 model)
coupled with potentiostat/galvanostat unit (HA-301). The active area of the QDSSC was 0.12 cm?.

Optical absorption measurements

Optical absorption spectra of PbS quantum dot-sensitized TiO, nanoparticle electrodes and TiO;
nanofiber electrode were obtained using Shimadzu 2450 spectrophotometer in the wavelength range
between 350 nm to 1100 nm.

Surface morphology of the electrodes
SEM images of the TiO, nanoparticle layer and TiO; nanofiber layer were obtained by using the
ZEISS EVO scanning electron microscope.

RESULTS AND DISCUSSION

Figure 1 shows the optical absorption spectra of bare TiO, electrodes and PbS quantum dot-sensitized
TiO; electrodes with different SILAR cycles. Absorption of the photoanode increases with the number
of SILAR cycles. Each spectrum corresponding to the TiO./PbS electrodes exhibits a broad absorption
in the visible to near-infrared region. However, a suitable number of SILAR cycles for the solar cell
application was identified by the current-voltage characteristics of the fabricated PbS QDSSCs. A peak

ISSN 2012-9912 © The Open University of Sri Lanka 2



4
Proceeding of the International Open University Research Sessions (iOURS 2022) ‘J:”g

corresponding to the lowest energy absorption is known as the first excitonic absorption peak
(Mcdonald et al., 2005).
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Figure 1: Absorption spectra of TiO, NP electrode and PbS quantum dot-sensitized TiO, NP
electrodes.

Photoanodes show the first excitonic absorption peaks at 1021, 1025, 1036, 1039, 1042, 1050, 1057,
1063, 1068 and 1083 nm corresponding to the number of SILAR cycles from 1 to 10 respectively.
Increasing the wavelength corresponding to the absorption maximum clearly reveals that the size of
the quantum dots increases with the number of SILAR cycles (Ahmed et al., 2012).

Figure 2 shows the variation of efficiency with the number of SILAR cycles. The efficiency of the PbS
QDSSCs gradually increases with the number of SILAR cycles and shows a maximum efficiency
corresponding to 6 SILAR cycles. The size and number of quantum dots increase with the number of
SILAR cycles. When the number of SILAR cycles increases beyond 6, the efficiency of the QDSSCs
decreases. The increase in the number of SILAR cycles leads to an increase in the size of the quantum
dots which affects the average distance between the quantum dots and TiO. nanostructure.
Furthermore, the number of quantum dots increases with the number of SILAR cycles, which causes
aggregation and the performance of the solar cell is reduced as described by Guijarro et al. (Guijarro et
al., 2010). Kern et al. reported that aggregation of quantum dots can affect the average electronic
coupling and increase the average distance between the TiO, and quantum dots (Kern & Watson,
2014). Due to this nature, charge transfer between quantum dots and TiO, is decreased and the
performance of the QDSSC decreases.
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ISSN 2012-9912 © The Open University of Sri Lanka 3



Proceeding of the International Open University Research Sessions (iOURS 2022)

Figure 2: Variation of efficiency of PbS QDSSCs with number of SILAR cycles where TiO, NP
electrode is used

Figure 3 illustrates the aggregation and increasing the size of PbS quantum dots during the SILAR
process with a large number of cycles.
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Figure 3: Schematic diagram of aggregation of quantum dots on TiO; electrode.
Figure 4 (a) and (b) show the top view of the TiO» nanoparticle and nanofiber layers respectively. The

size of the nanofibers with the average diameter appears to be between 30 and 80 nm. This
nanostructured layer enhances the light absorption of the photoanode by multiple light scattering.
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Figure 4: SEM images of (a) TiO, nanoparticle electrode and (b) TiO, nanofiber electrode.

Figure 5 shows the absorption spectra of the PbS quantum dot incorporated TiO, nanoparticle and
nanofiber electrodes. The nanofiber photoanode shows better efficiency due to the scattering.
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Figure 5: Absorption spectra of PbS quantum dot incorporated TiO, nanoparticle and nanofiber
photoanodes

Figure 6 shows the current-voltage characteristics of PbS QDSSCs fabricated with TiO nanoparticle
layer photoanode and TiO, nanofiber photoanode under the illumination of 100 mW c¢cm with AM 1.5
spectral filter. TiO, NF photoanode shows better photovoltaic performance than the TiO, NP
photoanode. Photovoltaic parameters corresponding to the photoanodes are listed in table 1.
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Figure 6: Current-voltage characterization of PbS QDSSCs under the illumination of 100 mW cm?
with AM 1.5 spectral filter

Table 1: Photovoltaic parameters of PbS QDSSCs

Ti0O, Photoanode Jsc (mA cm?) Voc (mV) FF (%) Efficiency (%)
Nanoparticle (NP) 9.22 582.4 55.0 2.95
Nanofiber (NF) 11.64 580.6 58.0 3.92

QDSSC with TiO2 NF photoanode shows an efficiency of 3.92% with a higher short-circuit current
density of 11.64 mA cm™. The corresponding QDSSC made with TiO, nanoparticles (NP) only shows
an efficiency of 2.95%. The enhancement in overall power conversion efficiency of the PbS QDSSC
with nanofiber photoanode relative to the nanoparticle photoanode is about 33%. It can be concluded
that the enhancement in short-circuit current density is evidently due to the increased light absorption
by multiple light scattering.

CONCLUSIONS/RECOMMENDATIONS

TiO, nanoparticle electrode-based QDSSCs shows an efficiency of 2.95% and a short-circuit current
density of 9.22 mA ¢m while QDSSC with TiO, nanofiber photoanode shows an efficiency of 3.92%
with a higher short-circuit current density of 11.64 mA cm™. It can be seen that the enhancement in
short-circuit current is evidently due to the increased light absorption by multiple light scattering and
effective electron injection.
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