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ABSTRACT

In the current report, we have used ZnO as a photoanode prepared by a simple
chemical route. PbS quantum dots (QDs) are loaded in to the porous ZnO pho-
toanode by Successive lonic Layer Adsorption and Reaction (SILAR) technique
at room temperature. The fabricated photoanodes are characterized using X-ray
diffractometry, UV-Vis absorption spectrophotometry, and Scanning Electron
Microscopy. Further, the photo electrochemical and photovoltaic performance
of the photoanode based solar cells is studied. The study highlights the effect
of number of SILAR cycles on the performance of the device delivering highest
photovoltaic performance of 2.30% for the cell employing a photoanode with 4
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SILAR cycles of PbS.

1 Introduction

Quantum dot-sensitized solar cells have attracted con-
siderable interest due to their projected high theoreti-
cal efficiency and is competing with (Dye Sensitized
Solar Cell) DSSC because of the merits of the sensitizer
in terms of light harvesting efficiency and stability as
against dyes in DSSC [1-7].

Transparent conducting oxides like TiO,, ZnO,
Nb,O;, ZrO,, SnO,, have gained more interest in the
fabrication of photoanode. TiO, has so far proved to
be the best photoanode in order to show high perfor-
mance for DSSC as well as QDSSC [8-13]. Similar to
that Zinc Oxide (ZnO), which has a wide bandgap
(3.3 eV) and also has suitable band position as against
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many QDs to facilitate comfortable electron injection
from Quantum Dots (QDs) to ZnO [14, 15]. ZnO by vir-
tue of its high electron mobility, diffusion coefficient,
high surface stability [16, 17], low synthesis cost, and
optoelectronic properties has attracted interest among
researchers in basic as well as applied fields. [18, 19].
In view of the above, ZnO is used as a photoanode
material and is fabricated using a simple chemical
route. QDs provide the ability to match the solar spec-
trum because of their tunable absorption spectrum and
high stability due to their inorganic character [20-23].
Their properties such as significant dipole moment,
high extinction coefficient, and low cost compared to
organic dyes [1-3] make them good candidates as a
sensitizer in solar cells as against Ruthenium-based
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dyes which are expensive. Also extinction coefficient
and absorption for dyes do not satisfy the require-
ments of highly efficient solar cells unlike QDs [4-7].

IV-VI semiconductors like PbSe, PbS show multi-
ple exciton generation effects [24, 25]. Of these PbS
scores over PbSe in terms of ease of synthesis and has
emerged as one of the promising candidates among
sensitizers used in QDSSC in their nanocrystalline
form. Also, Lead Sulphide (PbS) with a bulk band
gap of 0.41 eV and Bohr exciton radius of 18 nm [26]
has been reported as an efficient sensitizer absorbing
in the infrared region. The PbS QDs are prepared by
different techniques and used for sensitization of pho-
toanodes [27-31].

In the present report, adhesive, transparent porous
ZnO photoelectrodes of uniform and nearly same
thickness are prepared to act as photoanodes in the
solar cell fabrication over conducting glass substrate
of fluorine-doped tin oxide (FTO). The fabricated pho-
toanodes are characterized for their structural, optical
and morphological properties using X-ray diffractom-
etry, UV-Vis absorption spectrophotometry, and Scan-
ning Electron Microscopy.

These films are further sensitized with PbS QDs
using different number of SILAR cycles. QDSSC are
fabricated making use of these PbS sensitized photo-
anodes with CuS and polysulphide acting as counter
electrode and electrolyte, respectively. The fabricated
solar cells are characterized using EIS and JV studies
for their performance to evaluate the effect of sensiti-
zation using SILAR on photoanodes.

2 Experiment and characterization
2.1 Preparation of viscous ZnO paste

The preparation of paste is essential step in solar cell
fabrication because the cracks-free surface morphol-
ogy of photoanode, good adhesion with the substrate,
and interconnectivity of particles are essential for good
photoanode. For this work, we have used ZnO nano-
powder with an average size of 30 nm. Ethylcellulose
(EC), a-Terpineol, and Acetyl Acetone are used to pre-
pare the ZnO paste [32]. For the preparation of slurry,
0.5 g ZnO nanopowder was mixed with a 10 ml of
Ethanol and grind for a 15 min. The breaking of the
microscopic aggregation of powder is done by grind-
ing the suspension, followed by sonication of the same
mixture for 1 h. Ethylcellulose ground in ethanol was
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then mixed with the above-prepared ZnO suspension,
which is used to improve the viscosity of paste and as
a pore-filling agent. Dropwise addition of a-Terpineol
as an organic surfactant is done to the above mixture
and then the suspension is sonicated for 3 h. In the
last stage, four to five drops of acetylacetone were
added again, followed by 1 h ultrasonication. The pro-
cess of ultrasonication is useful against aggregation
among nanoparticles and it helps to make the paste
homogeneous.

2.2 Preparation of porous ZnO photoelectrodes
from ZnO paste

The previously prepared nanocrystalline slurry of
ZnO is used to prepare porous photoelectrodes of
nearly identical and uniform thickness (~ 10 pm) over
FTO coated glass substrates using doctor blade tech-
nique [33].

The films are allowed to dry in an incubator main-
tained at 60 °C for 1 h, then annealed through step
heating, i.e., at 100, 200, 300 °C each for 15 min and
finally at 450 °C for 1 h in order to remove the binder
and other organic impurity added during the paste
preparation. Besides, annealing also provides good
crystallographic arrangement of ZnO particles.

2.3 PbS sensitization of ZnO photoelectrode

The ZnO photoelectrodes as prepared above are sen-
sitized with PbS QDs employing SILAR technique
at room temperature. In brief, we have prepared
Pb(NO;), and Na,S solutions in double distilled
water and ethanol, respectively, with a concentration
of 0.02 M for each. Initially, ZnO photoelectrode is
immersed in a Pb(NOj3), aqueous solution for 60 s fol-
lowed by rinsing in DDW for 30 s. After the adsorption
of cations (Pb*"), the reaction with anions (S*7) is done
by immersion of photoelectrode in ethanolic solution
of Na,S for 60 s. Finally, the deposited film is again
rinsed in DDW for 30 s; it completes one SILAR cycle.
Many such SILAR cycles are carried out to prepare
photoelectrode samples sensitized with 2, 4, 6, and 8
SILAR cycles respectively. 2, 4, 6, and 8 are referred to
as electrode samples subjected to 2, 4, 6, and 8 SILAR
cycles, respectively, and accordingly the cells based
on 2, 4, 6, and 8 are named 2c¢,4c,6¢, and 8c. Surface
passivation of PbS QDs deposited over all the film
samples is carried out using Cu-ZnS as reported by
Jia et al. [34].
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2.4 Preparation of electrolyte

Polysulphide electrolyte is prepared by using 0.5 M
Sodium Sulphide (Na,S) and 0.1 M Sulphur powder
(S) [35] and used as electrolyte in the solar cells. In
brief, Sodium Sulphide and Sulphur powder are taken
and ground separately in ethanol, then by mixing
them properly with the addition of 2 ml distilled water
and 2 ml ethanol resulting in polySulphide electrolyte
ready to use for performance measurement.

2.5 Preparation of counter electrode

In the present research, the CuS is used as counter elec-
trode and is prepared by an inexpensive and simple tech-
nique [36]. Initially, CuS powder was prepared by using
Copper Sulphate (CuSO,) as a copper source and Sodium
Thiosulphate (Na,5,05) as a Sulphur source by taking
0.5 M solution of each with volumetric ratio 1:3. Prepara-
tion of paste is done by mixing prepared CuS powder,
ethylcellulose with 2-(2-butoxyethoxy) ethyl acetate (20%)
as a binder, acetylacetone and ethanol. All the constitu-
ents are mixed till a sticky paste is formed. Finally, pre-
pared CuS paste is coated on FTO using a doctor blade
technique followed by annealing at 500 °C for 1 h.

3 Results and discussion

3.1 Structural and optical properties

Figure 1a shows the XRD pattern of PbS sensitized
ZnO films for 2, 4, 6 & 8 SILAR cycles of PbS. The
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X-ray diffractrograms shown here represent peaks
corresponding to both the materials. It is observed
that the diffraction intensities of P(116), P(100) P(202),
and P(2 2 6) representing PbS have gradually shown
increment with increase in the number of SILAR
cycles inferring the growth of PbS nanocrystal over
the porous ZnO electrode of nearly identical thick-
ness. In the combinations of two sets of patterns: one
of them is assigned to hexagonal ZnO (JCPDS card No.
36-1451) and another to PbS (JCPDS card No. 05-0592).
Thus the XRD results validate the sensitization of PbS
over ZnO surface. The peaks of FTO, ZnO, and PbS
are highlighted by legends #, Z and P, respectively.
The average crystallite size of ZnO nanocrystallites is
estimated using Scherer formula and is approximately
56 nm.

Figure 1b depicts the optical spectra band gap and
of ZnO/PbS films for 2, 4, 6, and 8 SILAR cycles. A
sharp enhancement in the absorption spectra at lower
wavelength (below 350 nm) is observed, which cor-
responds to ZnO, suggesting that its absorption band
edge facilitates its application as a wide bandgap semi-
conductor material. It is also observed that the absorp-
tion edge shifts towards the higher wavelength (red-
shift) with an increase in a number of SILAR cycles for
PbS over ZnO. This result demonstrates that the ZnO
film sensitized with PbS absorbs not only the visible
region of the solar spectrum but also it extended to the
near-infrared region. Increase in absorbance of light in
the visible region is observed with increase of num-
ber of SILAR cycles from 2 to 8. It also infers that the
loading amount of PbS has increased with increasing
number of SILAR cycles.
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Fig. 1 a XRD pattern b Optical absorbance vs. Wavelength graph of PbS sensitized ZnO films for 2, 4, 6, and 8 SILAR Cycles
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3.2 Morphological properties

The surface morphology of ZnO coated with 2, 4, 6,
and 8 SILAR cycles of PbS quantum dots is examined
using scanning electron microscopy. Figure 2a clearly
shows that the photoelectrode is porous and hence
facilitated the deposition of PbS nanocrystal. It may
be observed from Fig. 2a—d, the porosity of the pho-
toelectrodes has apparently reduced with increased
number of SILAR cycles probably due to the increased
deposition of PbS nanocrystals covering the pores in
the electrode. This is in agreement with the results
obtained from optical absorption spectra, which
showed enhanced absorbance with the increased PbS
QD loading into the electrode. The Fig. 2a-d clearly
shows red shift in the absorption edge with increased
number of SILAR cycles probably indicating increase
in the size of QDs.
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3.3 Electrochemical impedance spectra (EIS)

The electrochemical measurement of the ZnO/PbS/
Cu-ZnS devices for various PbS SILAR cycles is car-
ried out by impendence spectroscopy. Nyquist plot is
shown in Fig. 3b, it shows Warburg like behaviour in
the frequency transition region from high frequency to
intermediate frequency [37]. It is inferred that greater
the slope of linear portion in this region smaller is the
electron transport resistance (R,) in the electrode. It
may be observed from the plot that the R, is nearly
same for the samples 4 and 2 cycles followed by rela-
tively greater Rt for 6 and 8 cycles. The bode phase
plots in the Fig. 3c shows the electron life times at the
ZnO/PbS/Cu-ZnS/ electrolyte for the electrodes sam-
ples increase in the order 8, 6, 2, and 4 cycles. The elec-
tron lifetimes calculated from the plots is tabulated in
Table 1.

Fig. 2 SEM images of PbS sensitized ZnO films fora2 b 4 ¢ 6, and d 8 SILAR Cycles
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Fig.3 a Schematic diagram of complete ZnO/PbS/Cu-ZnS
based device along with energy level diagram. The values of
energies were taken from the reference [32-35]. b Nyquist plots

Table 1 The electron lifetimes PbS sensitized solar cells for dif-
ferent SILAR cycles

Sr. no. Sample no. Life time
(t,) ms

1 2c 0.16

2 4c 0.35

3 6¢ 0.16

4 8c 0.09

It means the recombination resistance are maximum
for 4 and minimum for sample of 8 cycles. The relation
between charge collection efficiency 7., R; R,, and L
(thickness) may be given by Eq. (1) [37-41].

Moo =1- (%) 12 1)

However, for the present set of samples the thick-
ness of all electrodes being nearly the same, 7. (Charge
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with equivalent circuit (inset), ¢ Bode phase plots and d J-V
curve for ZnO/PbS/Cu-ZnS films at various PbS SILAR Cycles

Collection efficiency) only depends on R/R,. From the
aforesaid discussion on Nyquist and Bode phase plot
qualitatively R,/R, is minimum for ‘4c’ and maximum
for 8c inferring maximum charge collection for 4c and
minimum 8c.

3.4 ]J-V characteristics

Figure 3a depicts the energy band alignment sche-
matic diagram of the complete ZnO/PbS/Cu-ZnS/
electrolyte/CuS counter electrode device. The pho-
tocurrent density—voltage (J-V) curves of ZnO/PbS/
Cu-ZnS solar cells for 2-8 PbS SILAR cycles are
shown in Fig. 3d. The photovoltaic output param-
eters include short-circuit current density (J,,), open-
circuit voltage (V,,), fill factor (FF), and efficiency (7).
The device with 4 PbS SILAR cycles shows superior
performance (2.30%) than the rest of the devices. The
current density of a solar cell depends on external
quantum efficiency which in turn depends on electron
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Table 2 Photovoltaic output parameters of fabricated PbS sensi-
tized solar cells for different SILAR cycles of PbS

Samples 2c 4c 6¢c 8c

V.. (mV) 125 98 68 100
J,. (mA/cm?) 11.50 20.39 9.57 4.03
Fill Factor (%) 14.0 17.0 19.0 18.0

Efficiency (%) 1.34+0.20 23+0.1 0.85+0.17 0.5+0.1

transfer yield that is decided by the charge collection
efficiency. In other words, the current density implic-
itly depends on the charge collection efficiency. This
is evident from the J-V characteristics, Fig. 3d of
the solar cells assembled from the films 2,4,6, and 8
namely 2¢, 4c, 6¢, and 8c. It is observed that the effi-
ciency of the QDSSC is driven by Jsc. This inference
is justified since photovoltaic efficiencies obtained for
these cells exactly followed the same trend as that of
Jsc as shown in the Table 2. It may be observed that,
Jsc being driven by 7. is affected by number of SILAR
cycles on the ZnO electrode surface. To elaborate, the
QDs deposited through SILAR cycles gradually cover
the entire electrode surface with increase of number
of SILAR cycles probably giving optimal coverage
for 4 cycles. This may have probably bestowed the
sample with maximum R, and minimum R, in con-
formity with the EIS studies discussed above, lead-
ing to enhanced charge collection efficiency and hence
maximum current density (20.39 mA/cm?) in respect
of “4c’. From the efficiency trends or the trends of Jsc
it may be inferred that for 2c the coverage of QDs is
insufficient thus showing relatively less recombina-
tion resistance at the ZnO/electrolyte interface. How-
ever, for 6 and 8 the QD coverage is over and above
leading to aggregation of PbS nanocrystals leading
to enhanced electron-hole recombination and hence
reduced current densities finally affecting the cell
performance.

4 Conclusion

In the present work, ZnO/PbS QDs solar cells are
assembled with CuS as the counter electrode and
polysulphide as the electrolyte. The impact of QD
sensitization over the electrode surface by increas-
ing the number of SILAR cycles is studied. It has
been observed that maximum performance of 2.30%
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is obtained for the solar cell containing electrode
with 4 SILAR cycle QD deposition. This is probably
one of the best performances of a PbS sensitized
ZnO solar cells ever reported with counter elec-
trode and electrolyte systems used here. It has been
observed that the QD coverage driven by the num-
ber of SILAR cycles has significantly influenced the
current density of the solar cells and hence proved
pivotal in deciding the photovoltaic performance of
the QDSSC. It has been observed that neither under-
coverage nor overcoverage of QDs on the photoelec-
trodes has proved beneficial in the improvement of
photovoltaic efficiency. The conformal coating of
QDs over ZnO yielded maximum photo conversion
efficiency as is the case with “4c’'emphasizing on sig-
nificance of the number of SILAR cycles to obtain
better performance in such solar cell architectures.
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