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Abstract

This study presents the elaboration and characterization of un-doped and Copper co-doped Zinc-Tin-Zirconiate (3, 6,
9 mol.%). Cux-ZTZr(2-x) nanostructured thin films prepared using sol-gel Copper co-doped Zinc Tin method on a glass
substrate and annealed at 5000C for 1hr. The synthesized film samples are characterized by X-ray (XRD), scanning electron
microscopy and energy dispersive X-ray (HR-SEM/EDX), Fourier transform infrared spectroscopy (FTIR), and UV-VIS-NIR
double beam spectrophotometer. The experimental results demonstrated that all the prepared films exhibited a polycrystalline
nanoparticle structure, and the crystallites size was found to be ranged from 17 and 32 nm. SEM micrographs showed scattered
nanoparticles with irregular distribution over the substrates, and the particles size is in the range of 21-29 nm. The highly
transparent (>85% for doped sample) nanostructures films show a band gap increment from 4 to 4.19 ev with rising Copper
content in zinc Tin Zirconiate. The effect of Cu focus in ZTZr will differ in the optical properties of the semiconductor, which
means that these films have many advantages in solar cell application.

Keywords: Counter electrode, Spin coating, Sol-gel, Optical properties, Dye-sensitized solar cell (DSSC).

1. INTRODUCTION

During the past decade, oxide nanomaterials have
acquired much attention owing to their wide potential
technological applications in many fields such as gas
sensors, solar energy conversions, and as
heterogeneous catalysts. One of the most important
methods to modify the characteristics of materials
that used in photovoltaic fabrication by introducing
dopants in the parent system. Among the wide range
of semiconducting nanomaterials, zinc oxide (ZnO) is
a semiconductor with a wurtzite crystal structure.
Zinc oxide with high energy bandgap of 3.35 eV and
a large exciton binding energy of 60 meV has been
applied in a wide range of applications from sensors
to ultra-violet laser diodes and nanotechnology-based
devices [1]. A high surface area of porous zinc oxide
has also been applied for gas sensor materials [2],
biosensors [3], photocatalysts [4], and photoelectrode
of dye-sensitized solar cells [5]. Recently, low-cost
and high-efficiency counter electrodes (CE) for
DSSC were given great attention for development by
researchers [6]. In DSSC, CE performs essential
functions, which gather electrons from an external
circuit and catalyzes the reduction of triiodide ions.

Owing to excellent catalytic activity and ability to
produce high power conversion efficiency, Platinum
(Pt) has preferred as CE material. However, Pt is
scarce and is very expensive which makes it
impractical. Furthermore, electrolytes can easily
corrode Pt, which reduces the long-term stability of
DSSC [7-9]. To substitute Pt, it is necessary to look
for economical and stable alternative materials with
superior efficiency. A diversity of alternative low-
cost materials, for example, organic polymers, carbon
materials, and inorganic compounds were discussed
in [10-12]. Among the other high-efficiency
inorganic transition metal sulfides catalysts that has
been verified to be an effective CE materials, e.g.
MoS; [7], CoS [11, 12], NiS [13- 15], NiCo,S, [15,
16], CulnS; [17, 18], Cu2ZnSnS, (CZTS), CuzFeSnS,
[19], and CuzMnSnS, [20]. Recently, a lot of research
has shed light on the potency of kesterite-structure
CupZnSnS, (CZTS) proved to be an effective CE
material.  In  [21], the photovoltaic and
electrochemical properties of copper oxide (CuO) and
graphene nanostructured copper oxide as CE coated
on FTO were investigated. In [22] investigated two
different phases of SnO; as a CE. The authors of [23]
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studied nano-fibers of Cu,. ZnSnS4 was common as a
CE by using polyvinyl pyrrolidone and cellulose
acetate as solvents. As a low-cost material, CuShS;
and CulnS; nano-crystals were also investigated as
promising candidates for CEs in DSSC [24, 25].
DSCs based on ZnO-nanostructured have
investigated structures to recent date and are the
generality efficient ones. Fundamentally ZnO with its
higher electron mobility (115-155 c¢cm? V' s7),
bandgap energy (3.2 eV), and their band locations are
similar to those for TiO, [26, 27]. Zirconium is
outstanding material owing to its high hardness, high
temperature stability, low thermal conductivity, and
high corrosion resistance [28, 29]. Zirconium thin
films have various applications like diffusion
barriers, highly transparent films, thermal barrier
coating, optical coatings, wear-resistant coatings, and
metal cutting applications [30, 31]. Decreasing the
particles size and combination of electrons in
adherence solar cell system may be one of the
promising approaches to enhance their performance
for the DSSC. Techniques of deposition used to form
thin-film methods span a wide range, which involves
sol-gel techniques, sputtering, electro-deposition,
screen-printing, spray pyrolysis, and solvothermal
method [32-34]. Sol-gel possesses many advantages
such as better homogeneity, less energy consumption,
no need for special or expensive equipment, very
simple, low cost, versatile, and extended
composition ranges [35-37]. Thereby, this method is
used for the preparation of Copper-Zinc-Tin-
Zirconiate thin films as CE for DSSCs. In this work,
the promising un-doped and copper-doped Zinc-Tin-
Zirconiate nano-structures thin films were prepared
using the facile sol-gel mechanism. The sol-gel-
derived spin-films calcined in air at 500 °C for 1hr.
The impact of three different Copper concentrations
on the structure, chemical composition, and optical
characteristics of synthesized films has been
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investigated via XRD, SEM-EDX, FTIR, and UV-
VIS spectrophotometry.

2. EXPERIMENTAL WORK

2.1. Synthesize of Nano-Crystalline Zinc
Tin Zirconiate: Thin Film
Synthesize of nano-crystalline Zinc-Tin-Zirconiate
thin-film initially, glass substrates were cleaned in
ultrasonic with distilled water, acetone for 1 min and
dried at 50°C on a hot plate for deposition Zinc-Tin-
Zirconiate (ZTZr) and Zinc Tin Zirconiate: Copper
(ZTZr: Cu) thin films. Zirconia nitrate ZrO(NO3)s.
xH20 99.5%, Zinc-acetate-dehydrate ((CH3COz)2Zn,
Tin nitrate and Cupper nitrate Cu(NOs3)2.2.5H,0,
distilled H.O and Citric acid as a solution used as
starting materials for the preparation of Zinc-Tin-
Zirconiate and Zinc Tin Zirconiate: Copper thin
films. All chemicals were analytically pure and
prepared without additional purification. Firstly, mix
distilled H,O with citric acid and putting them in the
magnetic stirring for 1 hr then adding the mixture to
Zinc, Tin, and Zirconiate individually to prepare a
Zinc-Tin-Zirconiate solution. After that add three
different concentrations of Copper (3, 6, and 9 at%)
to this mixture individually to prepare Zinc Tin
Zirconiate: Copper solutions. Then, for gelling leave
the prepared mixture rest for 10 hr at room
temperature (aging step). Facile sol-gel spin-coating
mechanisms were applied to deposit the Zinc-Tin-
Zirconiate and Zinc Tin Zirconiate: Copper precursor
on an area of 2x2 cm? glass substrates at 1500 rpm
for 30 s. After each layer deposition, all films were
preheated at 70°C for 5 min in air to evaporate the
residual solvents. This step is for gelation and
evaporation of the residual solvents, and this process
was repeated five times. Finally, all the prepared thin
films are annealed at 500°C for 1hr in air to obtain
dense films shown in Fig 1.
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Fig. 1 Block diagram of ZTZr: Cu thin film Cathode fabrication steps
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2.2. Characterization

The structure investigation for un-doped and co-
doped Zinc-Tin-Zirconiate films was performed
using a Bruker-D8 advance diffract meter using
CuKa- radiation; A= 1.540 A, operative at 40 mA and
40 kV. Scans were executed with a detector step
(0.02°) over an angular range of 10 to 70°. Scherrer’s
equation for calculation of crystallite size (D) of pure
Zinc-Tin-Zirconiate and Zinc Tin Zirconiate: Copper
thin films [26, 38]:

(s d)
- (Boosd)
1)

Where D is the average grain size along the direction
vertical to the certain crystal plane referring to grain
size, A is the X-ray wavelength = 1.54056 A, P is
the peak width in radians, measured at half the
maximum intensity, and 0 is the Bragg diffraction
angle.

The morphology was observed by scanning electron
microscopy (SEM), Hitachi S4800, Japan. The
compositional study was measured by EDXRF
(Shimadzu EDX-7000). The Fourier Transform
Infrared (FTIR)-spectra of samples were recorded
with a Bruker-Vector 22 Spectrophotometer fortified
with a Specac Golden- GateTM ATR device and
working in a spectral range of 4000-400 cm™. The
transmittance and reflectance measurements were
performed by UV-VIS-NIR double beam
spectrophotometer (UV-3100, Shimadzu, Japan)
providing a wavelength range from 300 to 3000 nm.

3.1. X-Ray Diffraction

Figure 2 shows the crystalline phase of the post-
growth of pure Zinc-Tin-Zirconiate and doped with
(3-9 mol%) Copper prepared by sol-gel processes and
thermally treated at temperature 500 °C. The resulted
XRD peaks are corresponding to the two crystalline
phases of Tin Zirconium and Zinc Tin oxides cards
65-0517 and 52-1381, respectively. It can be
observed that Zinc-Tin-Zirconiate and doped with
Copper show the main XRD peak at ~36.4°, with a
good film crystallinity. The crystallite sizes were
extracted from the width of (211) diffraction peak at
36.4°. The XRD analysis showed that the calculated
crystallite size of the material is obtained using the
Scherrer equation, which values are between 17 nm
and 32 nm for a 3% Copper concentration. At 3%
copper concentration, it can be detected that the
crystallite size value was the maximum and further
declined at higher Copper concentrations (6% & 9%).
The average crystallite size is increased from 17 to 32
nm by adding 3% Copper whereas the 9% Copper
incorporated sample has 28.19 nm. The reduction in
crystallite size is mainly due to distortion in Zinc-
Tin-Zirconiate by the foreign impurity, i.e. Cu*?
which decrements the nucleation and subsequent the
good film crystallinity. This result appears that the
Zinc-Tin-Zirconiate and Zinc Tin Zirconiate: Copper
nuclei are further tending to higher growth at the
lower Copper concentration.

3. RESULTS AND DISCUSSIONS
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Fig 2 XRD patterns of un-doped ZTZr and Cux-ZTZr .
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The morphology of Zinc-Tin-Zirconiate and Zinc-
Tin-Zirconiate-Copper thin film surfaces is carried
out by SEM micrographs. Figure 3 (a and b) shows
the surface morphology of pure and 6% Copper co-
doped Zinc-Tin-Zirconiate films deposited on a glass
substrate. The SEM images exhibit the
polycrystalline nature of the layers and scattered
nanoparticles with an irregular (random) distribution
over the substrates. Figure 3(a) shows the
morphology of pure Zinc-Tin-Zirconiate film
representative of a mixture of square-like and
indistinct (irregular) shaped nanoparticles in addition
to a few clusters of nanoparticles and a few large
nanoparticles observed on the film surface. The grain
size was in the range of 27.78-37.5 nm. @ 6%
Copper concentration as shown in Fig. 3(b), the grain
size is decreased where film surface morphology
became less dense, and randomly oriented square-like
nanoparticles with 21.6 nm - 28.3 nm as average size
were observed. These results matched with the
previously obtained results of the XRD. EDX
patterns of the un-doped and Copper —doped Zinc-
Tin-Zirconiate films are shown in Fig 3(c, d). The
EDX spectra confirm that all constitute elements
Zinc, Tin, and Zirconiate appear in the spectrum at
specific values of energy in addition to the presence
of Copper in the doped films. The actual atomic
percentages of the respective elements are explained
in the inserted tables. The values show the
incorporated Copper resulted in the reduction of Zinc
and Zirconiate atomic percentage.

Egypt. J. Chem. 65 No 3 (2022)

element | Weight®a

(g) OK 90.18
ZrL 411
SnL 2.88

Znk 2.83
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CuK 2.43
0K ZnkK 2.61

Cuk™

Fig 3. The surface morphology of (a) un-doped ZTZr
film (b) 6% mol ZTZr: Cu (c) EDX pattern of the un-
doped (d) EDX pattern of the Cu—doped ZTZr films.

3.3. Fourier Transform Infrared (FTIR)

FTIR spectrophotometer is probably the main tool for
identifying chemical bonds. FTIR spectra of (a) un-
doped Zinc-Tin-Zirconiate and Copper co-doped
Zinc-Tin-Zirconiate thin films at (b) 3%, (c) 6%, and
(d) 9% Copper concentrations in the wavenumber
range of 2000 to 400 cm™ presented in Fig. 4. The
un-doped Zinc-Tin-Zirconiate thin film exhibits six
transmission peaks around 441cm, 527cm, 767cm
1 921cm?, 1085 cm™ and 1595 cm. The weak peak
at =1595 cm? is assigned to H-O-H stretching
vibration [34, 35]. The shoulder at = 1085 cm™ and
the band at 921 cm?' is related to the
(Zinc/Zirconium/Tin)-oxygen stretching vibrations
within the range of 1100 - 400 cm™ [41, 42]. The
main characteristics peaks for Zinc-Tin-Zirconiate
and Zinc Tin Zirconiate: copper films are 921cm™,
767cm, 527cm?, and 474 cm as the metal oxides
vibrations. The peak around = 767 cm’® can attribute
to asymmetric vibration of the Zr-O-Zr bond [43].
The vibration at 527 cm™ is related to the terminal
oxygen vibration of Sn-OH in the Zinc-Tin-
Zirconiate matrix. The Zn-O, Zr-0, and Sn—O bonds
were assigned to stretching frequency at 474 cm
shifted to a lower wavenumber at 441 cm™ with
increasing the Copper concentration [44, 45]. This
could attribute to the change in the microstructural
features by adding Cu into Zn-O lattice.
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Fig 4 FTIR patterns of un-doped ZTZr and ZTZr: Cu thin films

3.4. Optical Properties
3.4.1. Transmission and Reflection

The transmittance spectra of un-doped Zinc-Tin-
Zirconiate and Cu co-doped with 3%, 6%, and 9% for
five layers measured at 300-2000 nm wavelength are
shown in Fig 5. All the films show high transmittance
in the visible and infrared regions of the
electromagnetic spectrum. These spectra show that
adding Copper to the mixture of Zinc-Tin-Zirconiate
increases the transmittance for all the deposited
samples. Despite the maximum value of the
transmittance lying in the NIR spectral region
exceeds 85%, the un-doped films show a
transmittance of 86.33% (550 nm) and the doping
process increases transmittance value up to 90.54%

(550 nm) for 9% Copper doping. The increased
optical transmittance is due to the crystallinity of the
film. The reflectance spectra of un-doped and Cu co-
doped Zinc-Tin-Zirconiate thin films are inserted in
Fig 5. It is evident that there is a sharp increase in the
reflectivity of undoped and Copper-doped Zinc-Tin-
Zirconiate films around transition edge followed by
an insignificant reduction with the wavelength in the
visible and NIR then it reduces at higher
wavelengths. Also, the reflectance of the Zinc-Tin-
Zirconiate thin films irregularly increases with
increasing Copper concentration and reflectance of
the film with the 9% Copper incorporation is the
highest value, while the reflectance of the un-doped
Zinc-Tin-Zirconiate thin film is the lowest value.

100 T T T T T T
95 B
e
X
$ 9% 4
() ‘_dd_—_c,___-——_—"
- b
_E’ 85 ——— —
E /——
2]
S 80 ]
St
= a=ZTZr
75 L b=ZTZr-3Cu
¢=ZTZr-6Cu
d=ZTZr-9Cu
70 | 1 | 1 |
400 500 600 700 800 900 1000
Wavelength (nm)

(@)

Egypt. J. Chem 65, No 3 (2022)



668 SYNTHESIS AND CHARACTERIZATION OF CU-INCORPORATED ZINC TIN ZORCINATE ...

10
d
Y — .
°\° A N— c
& N —
: /«,&
g
8
Z 7 :
% —
& 6 —b=ZTZr-3Cu
—c=ZTZr-6Cu
5 | | | | 4=ZTZr-9Cu
400 500 600 700 800 900 1000

Wavelength (nm)

(b)

Fig 5. The un-doped ZTZr and Cu co-doped ZTZr (a)Transmittance spectra (b) reflection variation with the

wavelength.
3.4.2. Absorption Coefficient

The absorption coefficients () of undoped and
Copper doped Zinc-Tin-Zirconiate films can be
calculated from both the transmittance (T) and film
thickness (t) using the following equation [ 47]:

n(1,/T)

a =" @

The variation of the absorption coefficients as a
function of wavelength of un-doped and Copper co-

doped Zinc-Tin-Zirconiate films is shown in Fig 6. It
is found that the absorbance decreases with an
increase in wavelength and an increase in Copper
doping concentration. The sharp increments in
absorbance coefficients at the wavelength 4 < 500 nm
are owing to the onset of interband transitions at the
fundamental edge. This decrease in o might be due to
the increase in surface smoothness which might be
due to the improved crystallinity of the Cu
incorporated thin film.
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Fig 6. The absorption coefficient variation with the wavelength of the un-doped and Cu co-doped ZTZr films.

3.4.3. Band Gap

The values of the band gap were calculated by the
essential absorption, which corresponds to electron
excitation from the valance band to the conduction
band. The absorption coefficient («) and the incident

Egypt. J. Chem. 65 No 3 (2022)

photon energy (4v) are related by using the Tauc
relation [49, 50] :

(ohv)® = A(ho - E,)) ©)
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Where A is constant, Eg is the band gap. The band
gap values can be calculated by extrapolating the
linear part of the figure of (ahv) versus hv as shown
in Fig 7. The optical energy gap values for Zinc-Tin-
Zirconiate and Zinc Tin Zirconiate: Copper thin films
were (4.1, 4.15, 4.04 and 4.19) eV for Copper
concentration (0, 3, 6 &9) respectively. It noticed that
the bandgap is not affected obviously by the doping
concentration. The high estimated values of band
gaps may result from the presence of the ZrO, phase
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which causes the enlargement of the optical band gap
since this phase has a large bandgap around 5.5 eV.
The variation in the optical band gap of Zinc-Tin-
Zirconiate after Copper doping could be related to the
structural modification of Zinc-Tin-Zirconiate films
which may be from the replacement of either
substitutional or interstitial zinc ions in the Zinc-Tin-
Zirconiate lattice by Copper ions. In addition, the
greatest possible reason behind the energy gap
behavior is the effect of particle size.
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Fig 7 The plots of (ahv)? vs. photon energy (a) the undoped ZTZr thin films (b) 3% Cu—doped ZTZr thin films
(c) 6% Cu—doped ZTZr thin films, and (d) 9% Cu—doped ZTZr thin films.

3.4.4. Extinction
Refractive Index

Coefficients and

The extinction coefficients (k) for undoped and
Copper doped Zinc-Tin-Zirconiate films were
calculated from the following relation [48, 49]:

K= @)

a8

Where @ is the absorption coefficient, 4 is the
incident photon wavelength. Also, the refractive
index (n) of the prepared film can be calculated in
terms of reflection (R) and the extinction coefficients
(k) according to the Fresnel equation [48, 49]:

1-R | @-R? (5)

1+R R o

The extinction coefficient variation with wavelength
was given in Fig 8. This figure exhibits an abrupt

Egypt. J. Chem 65, No 3 (2022)

reduction of extinction coefficient for all samples
around the band edge and it is approximately constant
with an increase in wavelength. In addition, it is
observed that, unsystematic change in the Zinc-Tin-
Zirconiate thin films extinction coefficient with a
regular increase in Copper doping concentration. The
extension coefficient of 3% Copper doped Zinc-Tin-
Zirconiate thin film is the highest value, while that of
6% Copper doped Zinc-Tin-Zirconiate thin film has
the lowest value of all the films. Also, the refractive
index dependence on the incident photon wavelength
is described in Fig 9. It observed that the refractive
index slightly reduces with wavelength and
considerable increases with Copper concentration.
The estimated values of refractive index at a
wavelength around 500 nm are 1.81 and 1.88 for un-
doped and 9% Copper concentration, respectively.
The refractive index increases with increasing Cu
dopant. This effect of Cu doping on the refractive
index of ZTZr films can be attributed to the decrease
of both polarizability and film density.
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Fig 9. The refractive index variation with wavelength of un-doped and Cu co-doped ZTZr films.

3.4.5. Dielectric Constants

The real part of the dielectric constant (er) is to
measure how much that material will slow down the
light speed and the dielectric constant imaginary part
(&) is used to express how much energy results from
the electric field absorbed by the dielectric material
due to dipole motion. The real part (&) is associated
with the refractive index (n) in the material. The
imaginary part of the dielectric constant (&) is related
to the extinction coefficient (k), or in other words
with the absorption of light in the material as
described in the following relations [50]:

e=gte (6)
g=2nk (7)
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g, =n’ —K* (®)

Figure 10 displays the variation of the real (&) and
imaginary (&) parts of the dielectric constant against
photon's energy (Av) It is indicated that er follows the
behavior of the refractive index (n) and i follows the
behavior of the extinction coefficient (k). The real
part of the dielectric constant abruptly increases
around the band edge then starts to decrease slowly
with wavelength and their values increase from 3.22
to 3.51 at the wavelength of 500 nm. While the
imaginary part decreases with increasing wavelength
and their values are found to decrease from 0.034 to
0.018 at the wavelength of 500 nm.
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Fig 10. The variation of real and imaginary parts of the dielectric constants of un-doped and Cu co-doped ZTZr

films.

3.4.6. The Optical Conductivity

The optical response is mainly studied for any
material in terms of optical conductivity (r:rom:]. The
optical conductivity is closely related to the energy
band structure of the deposited films. The optical
conductivities of un-doped and Cu doped ZTZr thin
films can be calculated by using the absorption
coefficient () as in the following equation:

ENnC

Topt = o ©)

Where n is the refractive index and c is the velocity
of light. Figure 11 shows the variation of optical
conductivity as a function of photon wavelength. The
optical conductivity decreases with increasing Cu
concentration. This behavior can be attributed to the
absorbance decrease with increasing in wavelength
and increasing in Cu doping concentration.

3.4.7. Loss Tangent
The dielectric loss tangent (tan ) of un-doped and
Cu doped ZTZr thin films, which represent how the

Egypt. J. Chem 65, No 3 (2022)

electric energy dissipated into thermal energy and can
be defined by:

tand = = (10)

Where ¢ is the phase angle between the electric field
and the polarization of the dielectric, - and &; are the
real and imaginary parts of the dielectric constant,
respectively. The variation of dielectric loss tangent
of un-doped and Cu -doped ZTZr thin films with
photon wavelength is shown in Fig. 12. It is seen that
the loss tangent decreases with Cu concentration
increment while it is almost constant with increasing
the photon wavelength and the change in the tan 9 is
dominated by the variation of &;.

3.4.8. Quality Factor

The Q-factor of un-doped and Cu -doped ZTZr thin
films can be calculated from tangent losses using the
following equation:

[@= —] (11)

tan &
The dependence of quality factor of un-doped and Cu
-doped ZTZr thin films on photon wavelength is
illustrated in Fig. 13.
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4. CONCLUSION

Un-doped and Copper co-doped Zinc-Tin-Zirconiate
thin films on a glass substrate were deposited at
different Copper concentrations (3%, 6%, 9%)
calcined for 1 hr at 500 °C. Adding Copper to the
Zinc-Tin-Zirconiate matrix has affected structure
significantly, surface morphology, optical and
physical properties. Kesterite structure of un-doped
Zinc-Tin-Zirconiate and Copper co-doped Zinc-Tin-
Zirconiate thin films based sol-gel technique were
successfully synthesized. The nanoparticles size
decreased at high concentrations of doping. The un-
doped and Copper co-doped Zinc-Tin-Zirconiate
films show a high bandgap within the range of 4.05 -
4.19 eV were obtained. The transparency has
improved by adding Copper to the Zinc-Tin-
Zirconiate matrix; the transmission varied between
85% to 90%. The chemical and physical structure,
moreover optical results showed that Zinc Tin
Zirconiate: Copper thin-film nanoparticles were
successfully prepared. The high transparency of
prepared samples may be suitable for particular solar
cell applications as a transparent window.
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