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ABSTRACT

In the present study, cadmium sulphide (CdS) quantum dot-sensitized ZrO2

photoanodes have been analysed by using the facial and cost-effective method,

popularly known as successive ionic layer adsorption and reaction (SILAR),

performed at 300 K. The presence of compact layer and ZnS treatment of the as-

prepared photoanode is studied in this article to improve the solar cell

parameters. The X-ray diffraction peaks infer the nano-crystalline nature of ZrO2

films with an average particle size of 39.14 nm. The CdS-sensitized ZrO2 films

show a significant increase in absorption of photons in the visible region (i.e.,

200 to 520 nm) of the absorption spectrum, as we have increased the number of

SILAR cycles. Poly-sulphide electrolytes have been prepared in double distilled

water and carbon black soot on conducting substrate is used as a counter

electrode to be economical. The J–V characteristic of 10 CdS/ZrO2 with a

compact layer of TiO2 with surface passivation (ZnS) treatment gives the

maximum Jsc of 1.46 mA/cm2 with a fill factor of 0.34 and conversion efficiency

of 0.46%. Electrochemical impedance spectroscopy of the quantum dot-sensi-

tized solar cell is studied to understand the kinetics of charge transfer and

transport processes mechanisms involved.

1 Introduction

Researchers have conducted intensive and extensive

research since the invention of the solar cell to har-

ness clean solar energy due to the limited availability

of natural resources such as coal, petroleum, and

natural gas on the planet [1]. The use of solar cells

reduces the production of hazardous chemicals into

the atmosphere and will help to meet current energy

demand while also reducing carbon emissions [2].
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Researchers have looked at zirconia (ZrO2) because of

its exceptional physical, optical, and chemical quali-

ties, such as possessing a high dielectric constant, a

high melting point, chemical stability, low electrical

conductivity, and biocompatibility [3–6]. According

to the available literature, the reported band gap of

ZrO2 material is around 5.6 0.2 eV [7]. Three poly-

morphs of ZrO2 exist and the phase change of zir-

conia takes place from monoclinic to tetragonal and

to cubic as the temperature is increased, which leads

to higher symmetry [3, 8, 9].

In the past few decades, group II–VI nano-crys-

talline semiconductors are intensively utilized for

their highly distinctive features, which are not pre-

sent in the bulk form. Nanoparticles have a very large

surface-to-volume ratio [10] and one can synthesize

these materials for specific study and application by

regulating the particle size and shape by different

ways of film deposition, which leads to a quantum

size effect below a certain size [11, 12]. The bulk CdS

particles is possessing a direct band gap of 2.42 eV

[13]. The particles lower or equal to the Bohr excitonic

radius give rise to a new form of system, known as

quantum dots (QDs), which results in energy gap

separation between the valence band and conduction

band of the QDs [14].

QDs are nano-crystalline semiconductors having

narrow band gaps like CdS, PbS, CdTe, CdSe, etc.,

and these have unique properties with respect to

their bulk part making them more useful [15–19].

These properties include tuneable energy band gaps

due to the quantum confinement effect, multiple

exciton generation (MEG), and electronics, which

help in improving efficiency and having higher

absorption coefficients for different wavelengths in

the solar spectrum [20–23]. The absorption mecha-

nism of quantum dot-sensitized solar cells (QDSSC)

is as follows: firstly, the incident photons excite the

QDs valence band (VB) electrons to the conduction

band (CB); secondly, these excited electrons are

injected from the QD CB to the zirconia CB by the

diffusion process and finally injected into the FTO

and flow through an external circuit and simultane-

ously a redox electrolyte is regenerating the oxidized

QDs by the acceptance of electron from the external

circuit [24, 25]. The charge transfer mechanism in

QDSSC is shown in Fig. 1.

Bare ZrO2 porous films were sensitized with 0.02

molar concentration of CdS and 0.02 molar concen-

tration of sodium sulphide, by the process known as

SILAR, which involves first dipping the deposited

zirconia film (photoanode) into the cadmium pre-

cursor solution for 30 s, second rinsing it with double

distilled water (DDW), third dipping the same elec-

trode in the sulphur precursor solution to obtain CdS

for 30 s, and fourth rinsing it with DDW. For the

above-mentioned, the cadmium nitrate and sodium

sulphide were dissolved in 25 ml of DDW. These four

stages of dipping and rinsing the metal oxide film

electrode are called one cycle of SILAR. The adsorbed

concentration of CdS by this method on the ZrO2

films can be further increased by reperforming the

same cycle number of times [26].

Photovoltaic parameters of the solar cell like fill

factor (FF), short circuit current density (Jsc), voltage

due to open circuit (Voc), input power (Pin), and the

power conversion efficiency (g) are depicted in

Table 1. The photovoltaic conversion efficiency of the

as-prepared solar cell is calculated using Eq. (1),

g ¼ FFVOC JSC
Pin

: ð1Þ

In the present study, to minimize the recombina-

tion losses, the application of the compact blocking

layer on the cleaned transparent conducting glass

substrate is carried out that has a resistance of

approximately 30 X and also given the ZnS treatment

to passivate the surface of the photoanode, which

reduces the recombination of the electrons at the

different interfaces and also minimizes the surface

trap states at the QDs/metal oxide interface [27, 28].

This also helps in reducing the band offsets and

thereby increasing the diffusion of electrons from the

conduction band of the sensitizer to the zirconia

conduction band.

2 Experiments

The list of chemicals that were used in the present

study for the process of deposition and sensitization

of the photoanode with the preparation of the elec-

trolyte and counter electrode are; ZrO2 nanopowder

(particle size approx. 45 nm) from SRL, ethyl cellu-

lose from SDFCL, acetyl acetone from HPLC, terpi-

neol from LC, sodium sulphide [Na2S] from Sigma-

Aldrich, sodium hydroxide [NaOH] from Sigma-

Aldrich, sulphur powder from CDH, ethanol from

CHFC, cadmium nitrate [Cd(NO3)2], titanium

trichloride [TiCl3] from LC, and zinc acetate
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[Zn(CH3CO2)2] from SRL. These chemicals were uti-

lized as received from the manufacturer.

2.1 Preparation method of zirconia paste
and deposition of a film

0.25 g of ZrO2 commercial nanopowder was ground

with 5 ml of ethanol. A few grams of ethylcellulose

were taken and ground in a separate mortar pestle for

10 min and was mixed with an above-mentioned

solution followed by ultrasonication. Further few

millilitres of terpineol were added, which helps to

reduce the surface tension of the paste and helps in

coating the film evenly on the FTO surface. This

mixture was ultrasonicated for 3 h and later 0.5 ml of

Acetyl acetone was further added to the prepared

solution and again ultrasonicated for 60 min to get

the desired ZrO2 paste. The extra ethanol was evap-

orated by keeping the paste in the incubator until we

get a proper viscous paste of ZrO2. This paste was

prepared at 300 K.

The ZrO2 paste was applied on the ultrasonicated

cleaned substrate i.e., fluorine-doped tin oxide (FTO)

by the method of doctor blading to have a uniform

film of the required thickness which was followed by

drying of the films in the incubator for 30 min at 60

�C. The spacer is provided with the help of scotch

tape layers. Before placing the films in a hot furnace,

they have been kept for a few hours in the incubator

to get solidified by evaporating the extra ethanol.

Now, these films were kept in a muffle furnace for

annealing at 450 �C for 60 min in an oxygen envi-

ronment. The films were allowed to cool inside the

muffle furnace until the room temperature reached.

The annealed film is a white-porous film with a

granular morphology.

Fig. 1 Charge transfer mechanism of electrons and holes in QDSSC

Table 1 Elemental analysis of annealed ZrO2 film with 05 CdS/

ZrO2, 10 CdS/ZrO2, and 15 CdS/ZrO2 films with the weight and

atomic percentage of each element

S. no. Sample name Elements wt% at. %

1 Annealed ZrO2 film Zr 63.76 16.34

O 57.24 83.66

2 05 CdS/ZrO2 film Cd 0.23 0.05

S 0.14 0.10

Zr 63.86 16.73

O 55.63 83.12

3 10 CdS/ZrO2 film Cd 2.54 0.54

S 0.77 0.58

Zr 65.53 17.25

O 54.39 81.63

4 15 CdS/ZrO2 film Cd 0.26 0.07

S 0.14 0.12

Zr 1.34 0.41

O 56.43 99.40
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2.2 Sensitization of annealed ZrO2 films
using CdS by SILAR method

The CdS sensitization of annealed ZrO2 films was

done by SILAR, which helps in depositing the CdS

QDs evenly on the metal oxide film. Here, the first

beaker contains 10 mM of Cd(NO3)2 in 25 ml double

distilled water (DDW), the second beaker contains 25

ml DDW, the third beaker contains 10 mM of Na2S in

25 ml DDW, and the fourth beaker contains 25 ml

DDW.

The photoelectrode was dipped in the first beaker

for 30 s to get adsorb Cd2? ions on the ZrO2 photo-

electrode due to electrostatic and Van der Waals

forces and then rinsed for 30 s in the second beaker to

detach loosely bounded Cd2? ions, again dipped in

the third beaker containing anionic precursor,

namely sulphur (S2-), for 30 s to react with the Cd2?

ions resulting in the formation of CdS QDs and

rinsed for 30 s in the fourth beaker to remove the

excess anions. These steps comprise one SILAR cycle

of CdS QDs on the photoelectrode to form CdS QD-

sensitized photoanode. Likewise, 5, 10, and 15 cycles

of SILAR were performed to load different amounts

of CdS on the ZrO2 films and as shown in Fig. 2.

2.3 Electrolyte preparation

The preparation of polysulphide electrolyte was done

by taking 0.1 M of sodium sulphide in 25 ml DDW

and grinding for 10 min. Now 0.4 g NaOH pellets

were crushed and ground in a separate mortar pestle

and later on 0.32 g of sulphur powder was added.

Now the mortar pestle containing Na2S was mixed

with the NaOH and sulphur solution to form a

polysulphide electrolyte, which is yellowish on

account of sulphur presence. This electrolyte is con-

sidered to be highly efficient for QDSSCs applications

[29, 30].

2.4 Counter electrode preparation

The FTO was ultrasonicated for 30 min and further

washed with DDW and with the help of candle soot,

a film of carbon black was coated and an area equal to

1 cm2 was selected. The remaining region of the

counter electrode which is not covered with carbon

black provides the back contact.

The following instruments were used to record and

draw the various data from the samples: UV–Visible

spectrophotometer (JASCO UV, V-770) having a

wavelength range of 200–800 nm, X-ray diffractome-

ter (XRD) (model: XRD, Rigaku ‘‘D/B max-2400’’, Cu

Ka with k = 1.54 Å) and field emission scanning

electron microscopy (FESEM) (Carl Zeiss, Merlin

Compact), Potentiostat/Galvanostat (IVIUM Tech-

nologies Vertex model) and 2420 Keithley source

meter [31].

3 Results and discussion

The X-ray diffraction peak graph of annealed zirconia

film and CdS-sensitized films on ZrO2 films for 5, 10,

and 15 SILAR cycles is shown in Fig. 3. The peaks

(011), (111), (200), and (220) present in the graph

matches with the JCPDS card number 37-1484 and

confirms that the deposited material is ZrO2 and has

monoclinic phase [32]. Similarly, the peaks (202),

(203), (213), and (321) present matches with the

JCPDS card number 02-0563 confirming the forma-

tion of the hexagonal phase of CdS material [33], and

the peaks represented by F corresponds to the JCPDS

card number 18-1387 which confirms the fluorine

doped tin oxide (FTO) (SnO2:F) material which was

used as a substrate [34].

These intensity peaks confirm the coating of CdS

over the ZrO2 surface. The obtained crystallite size

ranges from 40 to 55 nm, which was calculated by the

Debye–Scherrer formula:

D ¼ Kk
b cos h

: ð2Þ

[D is the crystallite size of the particle in nanome-

ters, K is the geometry factor of the prepared material

(0.89 for the prepared spherical particles of ZrO2), k is
1.54 Å (incident X-ray wavelength), b is the full-

width half maxima in radians, and h is the Bragg’s

angle in degrees]

The UV–visible spectroscopy of these as-prepared

films was taken and studied for absorption and band

gap determination and is shown in Fig. 4.

As per Fig. 4a, the UV–Visible absorption spec-

troscopy of the as-prepared films clearly shows the

absorption of light by the CdS-loaded films increases

with the increase of the number of SILAR cycles of

CdS. The 15 CdS/ZrO2 film shows the maximum

absorption of the incident light in the UV to a visible

wavelength range from 200 to 700 nm, whereas

Fig. 4b is the energy (eV) versus the square of the
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absorbance plot of the as-prepared films. The calcu-

lated energy band gap of the annealed ZrO2 film, 05

CdS/ZrO2 film, 10 CdS/ZrO2 film, and 15 CdS/ZrO2

film are 5.15 eV, 3.55 eV, 2.46 eV, and 2.40 eV,

respectively. The optical absorption spectra show,

there is a redshift, i.e., decreasing optical band gap

with the increase in SILAR cycles of CdS. In 15 CdS/

ZrO2 the aggregation of CdS over ZrO2 results in the

formation of bigger particles of CdS at the expense of

smaller CdS nanoparticles and thereby decreasing the

optical band gap, which is the inherent property of

bulk particles.

The surface morphology of the as-prepared films

was studied by using FESEM, which shows the por-

ous morphology of the annealed ZrO2 film and the

subsequent images confirms the uniform coating of

CdS particles over the porous ZrO2 film. Granular

and Porous morphology is seen after annealing the

film and the whitish part seen in the images is CdS

adsorbed layer on ZrO2 film after the adsorption of

CdS through SILAR. In Fig. 5, one can see that there

is an aggregation of CdS particles on the surface of

ZrO2 film for higher SILAR cycles.

The EDS graph from Fig. 6 shows the corre-

sponding elemental peaks for the present elements in

Fig. 2 As-prepared CdS-sensitized ZrO2 films with 05, 10, and 15 SILAR cycles

Fig. 3 X-ray diffraction peak

pattern of a Annealed ZrO2

film, b 05 CdS/ZrO2 film,

c 10 CdS/ZrO2 film, d 15

CdS/ZrO2 film
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the film with respect to the incident energy. This

graph also shows the contamination present if any

[8]. The table shows the proportion of elements pre-

sent in the synthesized film in atomic percentage.

Table 1 suggests that a good amount of CdS has been

loaded on the 10 CdS/ZrO2 film. From Table 1, it can

be seen that there is 16.34 at.% of Zr and 83.66 at.% of

O in the EDS, which confirms the presence of

ZrO2 (Fig. 7).

Fig. 4 UV–visible absorption spectra for a the as-prepared films and b the Square of absorbance versus Energy (eV)

Fig. 5 FESEM image of a Annealed ZrO2 film, b 05 CdS/ZrO2 film, c 10 CdS/ZrO2 film, d 15 CdS/ZrO2 film
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The ZrO2 nanoparticle diameters were found in

between the 20 and 60 nm range with an average

nanoparticle diameter of size 39.14 nm. The number

of ZrO2 nanoparticles samples taken to find the

average nanoparticle diameter is 200. The diameter

data are collected by using Image J software and

plotted the histogram to find the average diameter of

ZrO2 nanoparticles and by using the Gaussian dis-

tribution function in the same software.

Table 2 shows CdS/ZrO2 films without a compact

layer exhibit negligible efficiency and poor fill factor

due to cell shorting (i.e., pinholes present in the as-

prepared ZrO2 layer), which means excited electrons

directly find the path to move from the sensitizers

conduction band to the FTO conduction band. As a

result, photogenerated electron recombination losses

occur. As a result, we must apply a compact layer to

reduce these losses and create a pathway for excited

Fig. 6 EDS of a ZrO2 film, b 05 CdS/ZrO2 film, c 10 CdS/ZrO2 film, d 15 CdS/ZrO2 film

Fig. 7 a TEM of ZrO2 nanoparticles, b ZrO2 nanoparticles diameter distribution
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photo-electrons to travel smoothly from the sensitizer

conduction band to the metal oxide conduction band

and then to the FTO conduction band.

The bare ZrO2 film and CdS-sensitized ZrO2 pho-

toanodes were tested in combination with carbon

black as a counter electrode and poly-sulphide as an

electrolyte with a mask of area 0.25 cm2. As per

Table 2, The 10 SILAR cycles of CdS-sensitized ZrO2

film show better performance than 05 SILAR due to

better fill factor and uniform loading of CdS on the

ZrO2 film. In 05 SILAR, there is lesser loading of CdS

particles on ZrO2, which results in a lesser area for

exciton generation, thereby low efficiency [35]. The

lowering of current on the 15 CdS/ZrO2 photoanodes

is due to the agglomeration effect of CdS on the

surface of ZrO2 film during the SILAR cycles. These

oversized nanoparticles can act as a potential barrier

to the efficient charge transfer mechanism [36]. The

stated J–V curves of CdS with ZrO2 film are shown in

Fig. 8. The maximum Voc and Jsc for the 10 CdS/ZrO2

solar cell are 355 mV and 0.23 mA cm- 2, respec-

tively, observed.

To improve the solar cell parameters, TiO2 compact

layer has been applied. The cells having a compact layer

Table 2 Solar cell parameters with the standard structure of FTO/ZrO2/CdS/polysulphide electrolyte/carbon black counter electrode with

the number of SILAR cycles of CdS on ZrO2 film, with compact layer and after ZnS treatment are shown below

Without CL Jsc (mA/cm2) Voc (mV) FF g (%)

Bare ZrO2 0.23 281 0.14 0.01

5 CdS/ZrO2 0.25 273 0.15 0.02

10 CdS/ZrO2 0.23 355 0.19 0.03

15 CdS/ZrO2 0.15 361 0.25 0.02

With CL Jsc (mA/cm2) Voc (mV) FF g (%)

5 CdS/ZrO2 0.67 547 0.30 0.19

10 CdS/ZrO2 0.99 618 0.44 0.45

15 CdS/ZrO2 1.46 680 0.37 0.60

With CL and ZnS Treatment Jsc (mA/cm2) Voc (mV) FF g (%)

5 CdS/ZrO2 1.28 619 0.29 0.33

10 CdS/ZrO2 1.46 563 0.34 0.46

15 CdS/ZrO2 1.06 557 0.27 0.27

Fig. 8 J–V curves for (i) ZrO2 film and CdS/ZrO2 films, and (ii) CdS/ZrO2 films with CL and ZnS treatment
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between the FTO and metal oxide layer show a much

better fill factor value than the onewhich does not have

a compact layer. This layer helps in reducing the

recombination losses. The lower value of the fill factor is

seen due to the recombination loss of the electrons

between the photoanode and the electrolyte. The value

of the current is low due to the poor offset between the

conduction band of both sensitizer and the photoanode

[37]. As a result, ZnS treatment is applied to the ZrO2

photoanode and was tested again under the same

environment, which shows almost double the previous

performance. ZnS treatment of the as-prepared cells

gives better photocurrent by suppressing the recombi-

nation losses at various interfaces. To have a better fill

factor, the device must have high recombination resis-

tances and proper offset of the conduction band of the

photoanode and the sensitizer. Even after surface pas-

sivation at 15/CdS/ZrO2/CL, there is less value of

current density (1.06 mA/cm2) due to aggregation of

CdS on the zirconia film,whereas in 10/CdS/ZrO2/CL

after surface passivation we get the maximum value of

current density (1.46 mA/cm2) with a fill factor of 0.34

and with a highest photon conversion efficiency of

0.46%.

Figure 9a shows the electrochemical impedance

spectroscopy (EIS) of the as-prepared CdS/ZrO2/CL

for 5, 10, and 15 SILAR cycles, and the EIS for the as-

prepared CdS/ZrO2/CL with ZnS surface passiva-

tion treatment is shown in Fig. 9b. The abscissa, from

0 to 30 ohms, represents the resistance of FTO on

which metal oxide is deposited. Here, the first semi-

circle shows the charge transfer resistance at the

interface of the polysulphide electrolyte/carbon

counter electrode [31]. The consecutive second

semicircle shows the resistance at the CdS/ZrO2

interface, yielding less fill factor and thereby we get

an appreciable fill factor for 10/CdS/ZrO2/CL pho-

toanode. The complex chemistry of scavenging

property of sulphur at electrolyte and carbon-coated

counter electrode results in the overall degrading of

the parameters of the solar cell. As a result, we need

to place a compact layer and also need to reduce the

recombination losses of the photoelectrons.

The extensive literature survey carried out shows

only one research report available on CdS-sensitized

ZrO2 photoelectrodes. Table 3, shows the comparison

of the photovoltaic performance performed by the Ravi

et al. group to sensitized ZrO2 photoelectrodes men-

tioned below with the photovoltaic parameters [38].

Fig. 9 Nyquist plot for a CdS/ZrO2 films, and b CdS/ZrO2 films with CL and ZnS treatment

Table 3 Photovoltaic

performance of sensitized

ZrO2 photoelectrodes

S. no. Sensitizers Jsc (mA/ cm2) Voc (mV) FF g (%) Pin (mW/cm2) Ref. No.

1 CdS type-a 0.89 770 0.30 0.68 30 [38]

2 CdS type-b 1.44 610 0.34 1.00 30 [38]

3 CdS type-c 1.78 440 0.24 0.62 30 [38]

4 CdS 1.46 563 0.34 0.46 60 Present study
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These reported cells show a higher value of Jsc, Voc,

FF, and efficiency due to low input power of 30 mW/

cm2, when compared to our result which was recor-

ded at 60 mW/cm2. Hence, as per Eq. (1), we can infer

that a low value of input power will yield higher

efficiency and vice versa. This suggests that our results

in terms of efficiency are comparable to the reported

CdS type-b for ZrO2 solar cell applications.

4 Conclusion

The presence of the monoclinic phase of ZrO2 as well

as the hexagonal phase of CdS is confirmed by XRD

analysis of the as-prepared CdS-based zirconia films.

The porous morphology of the as-prepared zirconia

film is revealed by FESEM images, which confirm the

homogeneous adsorption of the CdS sensitizers on

the zirconia film using the simple SILAR approach.

Due to the optimal loading of CdS nanoparticles, the

10 CdS/ZrO2 photoanode as a photovoltaic cell

outperforms the 05 and 15 CdS/ZrO2 photoanode

cells on the J–V curve. The surface passivation of the

photoanode helps to reduce the recombination losses

of the photoelectrons in the cell.
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