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This paper reports the fabrication of Zinc Oxide (ZnO) based quantum dot sensitized
solar cell using Cadmium Sulphide (CdS) quantum dots (QDs) capped by poly vinyl
alcohol (PVA). Chemical route was used to synthesize ZnO nanoparticles (NPs) as
well as CdS QDs. The crystallite size of ZnO NPs was obtained to be 28 nm at 7 pH.
The size of QDs decreased from 5.6 to 2.6 nm with increase in the PVA
concentration from 2 to 10 wt. %. There is a blue shift in the band gap of QDs with
increase in the concentration of PVA. Current-Voltage characteristic of the cell was
obtained and various solar cell parameters were estimated. The efficiency of quan-
tum dot sensitized solar cells was found to be 1.3% at AM 1.5. © 2012 American
Institute of Physics. [doi:10.1063/1.3683531]

1. INTRODUCTION

Quantum dot sensitized solar cells (QDSSCs) have attracted extensive interest as a means
of fabricating highly efficient, stable and low cost photovoltaic device because of the tuneable
bandgap of the quantum dots.' From the last few decades, most of the research in the field of
solar energy are focused on dye sensitized solar cells (DSSCs) in which the problem of was-
tage of photon energy above the difference between lowest unoccupied molecular orbital
(LUMO) and highest occupied molecular orbital (HOMO) energies is dominant, because one
photon gives rise to one exciton only and rest of the energy contained in the photon is wasted
as heat.”™ Quantum dots (QDs) have specific advantages over dyes to be used as sensitizers
in DSSCs. It is observed that if dye in DSSC is replaced by QDs, then the energy contained
in a photon can be fully utilized because in QDs single photon gives rise to multiple exci-
tons.®” This effect is known as multiple exciton generation (MEG) effect. The production of
multiple excitons by a single photon in quantum-confined systems may improve the efficiency
of solar cells. Researchers have already accomplished the production of 2 or more excitons
per photon with energy greater than the bandgap in a PbSe QD based system.®

The sensitization in QDSSC is based on the band gap alteration due to the quantum con-
finement effect (QCE). The absorption edge of QDs can be tailored by exploiting quantum-
confined regime of different sized QDs. The bandgap of the QDs can be tuned by controlling
their size, and therefore, the absorption spectra of the QDs can be tuned to match the spectral
distribution of the sun light.l’8 QDs can be embedded on front TiO,/ZnO electrode to achieve
enhanced light harvesting in the visible spectrum. However, in spite of the fact that different
sized (different bandgap) QDs are available, the energy conversion efficiency of QDSSCs is
still low. The less conversion efficiency of the QDSSCs may be due to the difficulty of embed-
ding the QDs into the mesoporous TiO,/ZnO structure. Another problem is the selection of effi-
cient electrolyte in which the QDSSC can function without degradation. But if suitable linking
molecule which could link QDs to TiO,/ZnO surface and electrolyte be used, then QDs can be
used to improve the efficiency of DSSCs.

1941-7012/2012/4(1)/013110/10/$30.00 4,013110-1 © 2012 American Institute of Physics
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Much research has been done on the fabrication of QDSSCs in which QDs are embedded in
mesoporous TiO,/ZnO structure by CBD method. Sudhagar et al. have reported nanospherical
TiO, mesoporous layer combined with CdS QDs as a QDSSC application and the resulting effi-
ciency was 1.2%.° Chang et el. have reported a energy conversion efficiency of 1.84% using
I" /I electrolyte in CdS based QDSSC."" Zhang et al have reported a maximum power conver-
sion efficiency of 0.34% for 10 CBD cycles of CdS/ZnO nanowire system.'' Tak er al. have
reported the CdS/ZnO nanowire structure as an enhanced photocatalytic activity, because the
CdS/ZnO system can efficiently separate photogenerated electron-hole pair and reduce their
recombination.'? Chen er al have reported an efficiency of 1.4% in CdS and CdSe co-sensitized
QDSSC based on ZnO nanowire.'*

In the present work, ZnO nanoparticles (NPs) and CdS QDs were synthesised via chemical
route. Synthesized ZnO NPs were successfully used as front ZnO electrode in QDSSC. Effect
of poly vinyl alcohol (PVA) concentration on structural and optical properties of QDs was
investigated. Various parameters of CdS sensitized solar cell were calculated.

Il. EXPERIMENTAL

All the reagents used were of analytical grade and no further purification was done before
use.

A. Synthesis of ZnO NPs

Zinc acetate dihydrate [99.5% Zn(CH3COO),.2H,0, Alfa Aesar] was used as Zinc precursor.
The sol was prepared by dissolving 0.2M of zinc acetate dihydrate in methanol at room tempera-
ture. A clear and transparent sol with no precipitate and turbidity was obtained by ultrasonic stir-
ring of the solution for 2 h. NaOH (0.1IN, Alfa Aesar) was then added to the sol to adjust the pH
level of the sol to 7."° The so modified sol was again stirred ultrasonically for 1 h at room tem-
perature.'® The pH value of the sol was adjusted to add the desired value of OH™ ions in the sol.
The clear sol was filtered and kept for complete gelation and hydrolysis process till ZnO precipi-
tate slowly crystallized and settled down at the bottom of the flask. The white precipitate was fil-
tered and washed with excess methanol to remove the starting materials. Precipitate was dried at
80°C for 15 min on hot plate and ground for 30 min in mortar pestle. The nanopowder so
obtained was annealed at 450°C for 4 h in air by microprocessor controlled annealing furnace
with the annealing rate 4 °C/min.

B. Synthesis of CdS QDs

Cadmium chloride (99.9% CdCl,, Alfa Aesar) was used as cadmium source. Sodium Sul-
phide (99% Na,S, Alfa Aesar) was used as reducing agent. Poly vinyl alcohol (86-89% PVA,
Alfa Aesar) was used as capping agent. Nanoparticles formed during the process need to be sur-
face passivated, as colloids formed in liquid have a tendency to coagulate. Therefore, a capping
agent is used to achieve stability and avoid coalescence. PVA is used as capping agent because
of its excellent emulsifying property because of which it controls and stabilizes the particle for-
mation by increasing the kinetic stability of the reactants.'” 20 ml of CdCl, (0.1M), 20 ml of
Na,S (0.1M), and 20 ml of 10 wt. % PVA solutions were made in deionized (DI) water. CdCl,
was added to PVA solution and stirred continuously. Na,S was then added to the above solution
and again stirred ultrasonically for 1 h. The experiment was repeated for 5 wt. % and 2 wt. % of
PVA. The chemical reaction taking place is

CdCl; + Na,S — CdS + 2NaCl. (1)

The solution was kept undisturbed till the precipitate was collected at the bottom. Precipitate
was then filtered and dried on hot plate at 60 °C for 15 min. The dried precipitate after grinding
was annealed at 150°C for 30 min. The colour of CdS QDs changed from light yellow to or-
ange with decreasing PVA concentration.
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C. Preparation of ZnO electrodes

ZnO nanopowder (1.2 g) was ground by a mortar and pestle with 4 ml DI water and polyeth-
ylene glycol (PEGy0000, 0.5 g, Alfa Aesar). PEG was used to break up the aggregated particles
into a dispersed paste. Thus, prepared uniform slurry was coated on indium tin oxide (ITO) glass
by doctor blade technique using an adhesive scotch tape to control the thickness of the ZnO
film'®'? and to provide non-coated areas for electrical contact as spacers. After natural drying at
room temperature, the film was sintered in air at 450 °C for 30 min.

D. Preparation of gel electrolyte

The gel electrolyte was prepared by using 10% polyethylene oxide (PEO 99%, Alfa Aesar)
solution in acetonitrile and carbon nanotube (CNT, 90+ %, Alfa Aesar) with Lil 0.1M (9.95%,
Alfa Aesar), and I, 0.015M (99.8 %, Alfa Aesar). The whole mixture was placed for sonication
to disperse the CNTs into the matrix of polymer. The mixture was stirred for 10 h by a magnetic
stirrer for complete mixing between CNTs and polymer molecules.

E. Fabrication of QDSSC

To fabricate QDSSC, prepared ZnO film electrode was first immersed in mercapto propi-
onic acid, which acts as linker molecule between ZnO film electrode and QDs.20 The modified
ZnO electrode was immersed in CdS QD colloidal solution consisting of all the three synthe-
sized QDs. The colloidal solution was formed in toluene by ultrasonication for 2 h. The elec-
trode was immersed in QD solution for 24 h at room temperature. The QD adsorbed electrode
was then rinsed with toluene and dried at room temperature. To minimize adsorption of
impurities from moisture in the ambient air, the electrode was dipped in the QD solution,
while it was still warm (~80 °C). The colour of ZnO electrode changes to yellow after adsorp-
tion of CdS QDs. I /I5 electrolyte was spread on the QD coated ZnO electrode.?'** A sand-
wich type QDSSC was fabricated with the CdS QDs sensitized ZnO electrode, a thin platinum
sheet as counter electrode, a spacer, and an electrolyte. The schematic diagram of QDSSC is
shown in Figure 1.

In QDSSCs, semiconductors such as CdS, CdSe, PbS, and InP which absorb light in visible
region work as sensitizers because they are able to transfer electrons to wide bandgap semicon-
ductors such as ZnO, TiO,, SnO,, ete.>'* The energy level diagram of QDSSC is shown in
Figure 2. The working principle of QDSSC is based on excitation of QDs by photons of light
and fast electron injection into the conduction band of ZnO.** The injected electron in the con-
duction band of ZnO percolates through the porous ZnO structure and is fed to the ITO layer
which acts as the charge collecting electrode in the cell. The porous ZnO electrode is typically

FIG. 1. Schematic diagram of QDSSC.
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FIG. 2. Energy level diagram of QDSSC.

10 pum thick. Through ITO, the electron moves to the external circuit. At the Pt counter elec-
trode, triiodide (I"/I5) is reduced to iodide (I") by taking the electrons from Pt electrode. I™ is
transported through the electrolyte towards the ITO photoelectrode, where it reduces the oxi-
dized QD. The QD is then ready for next excitation/oxidation/reduction cycle. We can see that
the working mechanism of QDSSC is similar to that of DSSC, the only difference being that in
QDSSC dye is replaced by QDs of varying size by which more light can be harvested and
hence the overall efficiency of the cell can be improved.

F. Characterization and I-V measurement

X-ray diffraction (XRD) measurements of the ZnO NPs and CdS QDs were carried out
using Bruker AXS — D8 discover diffractometer having CuK, incident beam (A=1.54 A).
Structural properties of ZnO NPs and CdS QDs were observed by using TECNAI G* T30, u-
TWIN TEM. The absorbance of ZnO NPs, CdS QDs, and CdS QD embedded ZnO electrode in
the visible region was measured using Shimadzu solidspec-3700 UV-VIS-NIR spectrophotome-
ter. I-V characteristic of the cell was measured using computerised digital 2400 Keithley source
meter and a M-91190 Newport class-A solar simulator. The measurement was made at AM 1.5.

The active electrode area was typically 1 cm?.

lll. RESULT AND DISSCUSSION
A. Analysis of ZnO NPs

The XRD pattern of the synthesized ZnO NPs is shown in Figure 3. The intensity of the
diffraction peaks is very high showing that NPs are highly crystalline in nature. The strong dif-
fraction peaks appear at 31.8°, 34.3°, and 36.5°, which correspond to (100), (002) and (101)
planes respectively indicating the hexagonal wurtzite structure of ZnO. The preferred orienta-
tion corresponding to the plane (101) is shown as the most dominating peak.>**> Besides these
dominant peaks, other characteristic peaks of ZnO are also there, showing that NPs have grown
in all these orientations but maximum growth has occurred in (101) plane. All the diffraction
peaks coincide with JCPDS card no. 36-1451 for ZnO powder. No characteristic peak of impu-
rity was observed stating the fact that the synthesized NPs are contamination free and will help
not degrading the performance of QDSSC due to impurity elements. Crystallite size (D) was
calculated by Debye-Scherrer’s formula®®
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FIG. 3. XRD pattern of ZnO NPs.
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where, K is the particle shape factor which depends on the shape of the particles and its value
is 0.94 for spherical particles, f§ is the full width at half maximum (FWHM) of the selected dif-
fraction peak corresponding to (101) plane, and 0 is the Bragg’s angle obtained from 20 value
corresponding to the same plane. Crystallite size of ZnO NPs is calculated to be 28 nm.

Transmission electron microscope (TEM) image of the ZnO NPs is shown in Figure 4(a).
A drop of ZnO solution in methanol was drop-cast on a carbon coated copper grid and dried
for 1 h before testing through TEM. TEM image mainly consists of hexagonal shaped NPs hav-
ing an average particle size of approximately 28 nm confirming the results obtained by XRD.
SEM image of ZnO electrode is shown in Figure 4(b). The image clearly exhibits the porous
nature of the ZnO layer. This porous structure of ZnO helps in the sensitization of QDs in
QDSSC because when QDs are embedded on ZnO electrode, QDs actually go and sit in these
pores where they get adsorbed (Fig. 1). That is why the cell is known as quantum dot sensitized
solar cell because when light falls on such structure, ZnO electrode on the top does not absorb
light in the visible region (large bandgap ~3.37 eV) but passes it into the next QD layer where
it gets absorbed and sensitizes the dots.

. .
Date(m/dy): 09/05/11 Del: SE MRAN TESCAN
SEMHV: 150KV WD:30.90 mm v

FIG. 4. (a) TEM and (b) SEM images of ZnO NPs.
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FIG. 5. Optical absorption spectra of ZnO as a function of energy.

The optical absorption spectra of ZnO NPs as a function of energy in the visible region are
shown in Figure 5. Graph shows that ZnO does not absorb light in the visible region, which
means that prepared ZnO samples are transparent to visible light. We can see that proper light
absorbance takes place above bandgap energy of approximately 3.4 eV. Below this energy,
absorption level decreases stating that below 3.4 eV photons does not possess enough energy to
excite the electrons from valence band to conduction band. The overall analysis of the absorb-
ance spectrum concludes that the synthesized ZnO NPs can be successfully used as a photoelec-
trode in QDSSC.

B. Analysis of CdS QDs

XRD pattern of CdS QDs with different concentration of PVA is shown in Figure 6. XRD
pattern reveals that the dot size is dependent on concentration of PVA. As the PVA concentra-
tion increases, the FWHM also increases thereby decreasing the dot size. The dominant peak
position is observed at 26.6° for (002) plane, which belongs to hexagonal structure of CdS
QDs.?’® Two more additional peaks are observed at 43.7° and 51.7° corresponding to (110)
and (112) planes, respectively. Dot size is calculated using Debye-Scherrer’s formula.?® The size
of the CdS QDs decreases from 5.6 to 2.6 nm with increase in the PVA concentration from 2 to
10 wt. %. The synthesis of QDs, using polymeric stabilizers such as PVA is very easy and
requires ambient laboratory conditions.’*> The three-dimensional network of the polymer
chains efficiently restricts the particle formation to nanoscale. For this purpose, a water-soluble
monomer or a polymer compound is generally employed, along with the reagents required for

;:' (002) —2wt%
oy
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FIG. 6. XRD pattern of CdS QDs with different PVA concentration.
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FIG. 7. Effect of PVA concentration on FWHM and size of CdS QDs.

the synthesis of the QDs.**>° Recently researchers have used PVA, to stabilize CdSe QDs."”
The higher concentration of PVA increases the rate of reaction and thus uniform and smaller
sized dots are formed.**

The variation in FWHM and dot size with capping agent concentration is shown in Figure 7.
FWHM increases with increase in the concentration of PVA thereby decreasing the size of the
dot. TEM analysis was further carried out to investigate more about CdS phase. TEM images of
CdS QDs with different PVA concentration are shown in Figure 8. From the TEM images, it
can be seen that the particle size varies from 5.6 to 2.6 nm with increase in the PVA concentra-
tion from 2 to 10 wt. %. Therefore, TEM results confirm that the size of the QDs is similar to
the dot size obtained by the XRD measurements. The selected area electron diffraction pattern
(SAED) of the QDs is also shown in the inset. From the SAED pattern, it is clear that the QDs
are crystalline in nature.

-

20 nm

FIG. 8. TEM images CdS QDs with different PVA concentration (a) 2 wt. % (b) 5 wt. %, and (c) 10 wt. %. Inset: SAED of
the CdS QDs.
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FIG. 9. Optical absorption spectra CdS QDs for various PVA concentration and CdS embedded ZnO electrode.

The optical absorption spectra of the CdS QDs of varying size and CdS QDs embedded on
ZnO electrode are shown in Figure 9. Absorbance spectra reveal that there is a blue shift in the
absorbance as the dot size decreases due to quantum confinement effect.”’® Bandgap of the
QDs increases from 2.5 to 2.74 eV with decrease in dot size from 5.6 to 2.6 nm. It is seen
from the figure that the absorbance of the CdS QD embedded ZnO electrode covers a wide
range of visible spectrum (400-600 nm). Thus using CdS QDs as sensitizers onto ZnO NPs
resulted enhanced light harvesting of the solar energy.

The bandgap of CdS QDs can also be calculated using effective mass model.>**° Tt is the
simplest model, which predicts the effective bandgap (Ef) due to three dimensional confine-
ments. The blue shift of the bandgap with decrease in dot size is described by the following
equation:

i n?
* __ ybulk
Eg - Eg + 2 m R2 ?

3)

where, Eg”lk is the band gap of bulk CdS, h=h/2n (h being Planck’s constant), R is the dot
size and u is the effective reduced mass,

1 1 1
H= — =) “)
m, \m; m;

280 =i Experimental
Theoretical

275

270

265

260 -

Bandgap (sV)

255

250

1 1
25 30 35 40 45 50 55 60

Dot size {(nm)

FIG. 10. Experimental and theoretical bandgap of CdS QDs as a function of dot size.
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FIG. 11. I-V characteristic of QDSSC.

where, m,, m.* (0.2), and my* (0.8) are the mass of the electron, effective mass of electron,
and effective mass of hole, respectively. The second term in Eq. (3) represents the kinetic
energy.*! The effective bandgap of the CdS QDs is found to be varying from 2.49 to 2.78 eV
with decrease in dot size from 5.6 to 2.6 nm, which agrees with the confinement regime. The
effective and experimental values of the QD bandgap as a function of dot size are shown in
Figure 10. It is clear that the bandgap decreases with increase in the CdS QDs size. This is due
to the quantum confinement effect in the dots.>**°

C. |-V measurement

QDSSC was fabricated using the synthesized of ZnO NPs and CdS QDs. The cell was illu-
minated under one sun illumination (AM 1.5, 100 mW/cm?) and I-V characteristic of the cell
(Figure 11) was obtained by using Keithley source meter. The values of short circuit current
(Isc), open circuit voltage (V,.), maximum power (P,,), fill factor (FF), and efficiency (1) are
543 mA, 0.64 V, 1.3 mW, 0.4 and 1.3%, respectively. When the QDSSC is illuminated, exci-
tons are generated in CdS QDs and charge separation is performed by ZnO/CdS QDs/electrolyte
interface. The resultant electrons are conducted to the ITO layer through ZnO layer and the
holes are recovered by I"/I5 electrolyte. I, depends on number of incident photons. Adsorbing
PVA capped CdS onto ZnO could result in the hindrance of charge transport. In the present
case, the PVA capping molecules were removed by repeated washing®® with DI water before
incorporating them in ZnO electrode in QDSSC, which provides a better charge carrier

exchange between QDs and the conducting polymer. The overall conversion efficiency is found
to be 1.3%.

IV. CONCLUSION

In conclusion, ZnO based QDSSC with an efficiency of 1.3% at AM 1.5 has been success-
fully fabricated by sensitizing the ZnO electrode by CdS QDs. The CdS QDs of varying size
from 5.6 to 2.6 nm with increase in the bandgap from 2.5 to 2.74 eV, respectively, have been
chemically synthesized. The use of QDs of varying bandgap resulted in the absorbance of a
broader spectrum of visible light in the range 400—600 nm.
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