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Abstract: This article focuses on the impact of the deposition temperature (in the range from 60
to 80 ◦C) in ZrO2 films obtained by the electrochemical deposition process on SnO2-covered glass
substrates. The solution in which the deposition takes place is aqueous, containing ZrOCl2 with a
concentration of 3 × 10−5 M and KCl with a concentration of 0.1 M. By implementing X-ray diffraction
(XRD), optical profilometry, scanning electron microscopy (SEM), and UV-VIS-NIR spectroscopy,
the temperature dependence of ZrO2 films properties was revealed. The X-ray Diffraction XRD
spectra showed six different diffraction maxima ((−111)M, (101)T, (111)M, (112)M, (202)M, and
(103)M) associated with the electrochemical ZrO2 layers, and the polycrystalline structure of the films
was confirmed at all deposition temperatures. The determination of the average roughness did not
indicate significant temperature dependence in the deposited layers. SEM micrographs showed that
the layers were composed of grains, most of them of a regular shape, although their size increased
slightly with an increased deposition temperature. The coarsest-grained structure was observed for
the layers deposited at 80 ◦C. It was demonstrated that the deposition temperature weakly impacts
the reflectance and transmittance spectra of the ZrO2 layers. Such layers with low values of specular
and high values of diffuse transition, and reflection in the spectral range from 380 to 800 nm, can be
applied to various optoelectronic devices such as thin-film solar cells.

Keywords: electrochemical deposition; surface morphology; ZrO2 films; optical measurement

1. Introduction

Metal oxide nanostructured materials are traditional but increasingly relevant subject
of many scientific and technological researches. Recently, zirconium dioxide (ZrO2) nano-
materials have attracted considerable scientific interest due to their inherent combination
of properties such as high mechanical and thermal resistances, chemical inertness, high
corrosion resistance, high refractive index, wide range of optical transparency (UV–Vis–IR
region), and good dielectric constant [1–7]. Also known as “zirconia,” zirconium dioxide
is a wide-bandgap n-type metal oxide semiconductor with high ionic conductivity [8–10].
ZrO2 is a ceramic material. At atmospheric pressure, it occurs in three phases depending
on the formation temperature: monoclinic (below 1170 ◦C), tetragonal (between 1170 ◦C
and 2370 ◦C), and cubic (above 2370 ◦C) [11].

Because of its unique combination of electronic and mechanical properties, ZrO2
proves to be a promising material for use in many applications including gas sensors [12,13],
solar cells [14], dental implant materials [15], fuel cells [16,17], etc.

A considerable number of research articles report ZrO2 structures obtained by dif-
ferent methods, such as the following: sol–gel method [18], magnetron sputtering [19,20],
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chemical vapor deposition [21], electron beam physical vapor deposition (EBPVD) [22],
laser ablation [23], hydrothermal method [24], and atomic layer deposition [25]. A key
element in the design of zirconia nanostructures is the choice of technique and approach for
their elaboration, which ensures the presence of needed properties and qualities, and pre-
determines specific applications. Therefore, in this research study, the emphasis was placed
on the electrochemical technique and the influence of the deposition temperature (in the
range from 50 to 80 ◦C) on properties of ZrO2 thin films deposited on SnO2-covered glass
substrates. The electrochemical method can be applied to produce large areas with con-
trolled and diverse morphology and size nanostructures. This method is quite inexpensive,
and it does not require the use of complicated equipment.

In the presented manuscript, we report the results for structural, morphological, and
optical properties of the nanostructured ZrO2 films under investigation, amplifying the
information already existing in the literature for similar layers produced by electrochemical
deposition technique [26,27].

2. Materials and Methods

This section describes the method of deposition and the conditions under which it
was carried out, as well as the specific equipment that was used to obtain the results of the
research. The deposition of the zirconia layers was electrochemical and was carried out by
means of three electrode cells located in a thermostatic bath (Figure 1). The deposition took
place in an aqueous solution. Dissolved in this solution were ZrOCl2, supplied by Alfa
Aesar (98%, with concentration of 5 mM) and KCl supplied by Valerus Ltd. (99.5%, with
concentration of 100 mM). Deposition was realized at different electrolyte temperatures in
the range from 60 to 80 ◦C, and the potential between saturated calomel electrode (SCE)
and substrate (cathode) was kept constant at -700mV. The sample in the solution is in
thermodynamic equilibrium. The deposition time of all zirconia layers studied was 20 min.

Figure 1. Schematic representation of the electrodes located in the electrochemical system.

A Philips (Amsterdam, The Netherlands) 1710D8 Advance diffractometer with CuKα

radiation (instrumental broadening is 0.04◦ and λ = 1.54178 Å) was employed to determine
X-ray diffraction (XRD, Philips, Amsterdam, The Netherlands) patterns in ZrO2 layers. A
Philips 515 scanning electron microscope (SEM, Philips, Amsterdam, The Netherlands) was
used to observe the surface morphology of the deposited layers. The Zeta 20 3D optical
profilometer (KLA, Milpitas, CA, USA) was used to determine the surface topography and
average roughness (using the Zeta 3D_engr_1_8_5 software, KLA, Milpitas, CA, USA);
the vertical resolution of the instrument was 1 nm. The measurements were performed at
several different points on the surface of the ZrO2 layers, each with an area of 6887 µm2.
The conductivity of the electrolyte was measured by BANTE 510 (Bante Instruments
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Inc., Sugar Land, TX, USA). The spectra of transmittance and reflectance ((specular and
diffuse component) and haze ratio) were obtained by a UV-VIS-NIR Shimadzu UV 3600
spectrophotometer (Shimadzu Scientific Instruments, Columbia, MD, USA).

3. Results and Discussion

The structure of the electrochemical layers of ZrO2 deposited at different temperatures
was determined by XRD analysis. The diffraction maxima are shown in Figure 2. The
diffraction pattern of the substrate (SnO2-covered glass) is shown with the black line for
comparison. In the graph, we can distinguish six diffraction maxima related to zirconium
dioxide; five of them are due to the monoclinic phase and one (which is the most intense)
is due to the tetragonal phase. The diffraction maxima due to the SnO2-covered glass
substrate are marked with an asterisk (JCPDS No. 14–1445). The five maxima due to
the monoclinic phase ((111), (112), (202), (013), and (−111)) are characteristic for ZrO2
and are thoroughly described in the literature (JCPDS No. 37–1484) [28]. The diffraction
maximum corresponding to the tetragonal direction (101) possesses the highest intensity
(JCPDS No. 81–1544) [29]. This is relatively unusual for ZrO2, because its crystallographic
structure is monoclinic at deposition temperatures below 1170 ◦C. The explanation for
this intense maximum may be related to epitaxial growth from the magnetron-sputtered
SnO2/glass substrate possessing tetragonal structure [30].

Figure 2. XRD patterns of the electrochemical ZrO2 layers deposited on SnO2 substrate at different
temperatures. The diffraction maxima due to the SnO2-covered glass substrate are marked with an
asterisk (*).

Table 1 shows the positions of the diffraction maxima (2θ) and the values of the full
width at half maximum (FWHM). From these diffraction maxima, the average grain size
(D) was calculated using Scherrer’s Equation (1) [31] for each crystallographic direction
associated with a maximum:

D = (57.3 × λK)/(β cos θ), (1)

where λ − (1.54178 Å) is the wavelength of CuK1 radiation, θ is the Bragg angle, β is
calculated from selected diffraction peak FWHM, and K is the particle shape factor (in
most cases for particles with a predominantly regular shape it is assumed to be 0.9). There
was no recognizable relationship between the calculation of the average grain size and the
deposition temperature of the zirconia layers. We can note a slight decrease in the average
grain size with the increase in the deposition temperature in the crystallographic directions
with the greatest intensity of the diffraction maxima (101)T and (111)M. The missing results
denoted with dash sign “-“ in Table 1 were calculated with a large error due to the low
intensity in the maxima in these directions, and for this reason, they were not shown.
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Table 1. The position of the peak in the XRD patterns, 2θ, full width at half maximum (FWHM), β of
2θ, and the average grain sizes, D.

ZrO2 Deposited on SnO2 Substrate

(101)T (111)M (112)M

2Θ FWHM D, (nm) 2Θ FWHM D, (nm) 2Θ FWHM D, (nm)

60 ◦C 30.71 0.14 59 32.1 0.156 53 43.95 0.127 67
65 ◦C 30.68 0.151 54 32.08 0.162 51 43.95 0.230 37
70 ◦C 30.69 0.157 53 32.1 0.175 47 43.95 0.163 53
75 ◦C 30.68 0.160 52 32.07 0.165 50 43.93 0.146 59
80 ◦C 30.68 0.160 52 32.08 0.164 50 43.92 0.162 53

(202) M (013) M (−111)M

2Θ FWHM D, (nm) 2Θ FWHM D, (nm) 2Θ FWHM D, (nm)

60 ◦C 44.99 0.190 45 55.41 0.116 77 - - -
65 ◦C 44.97 0.187 46 - - - 28.35 0.120 68
70 ◦C 44.99 0.254 34 - - - 28.67 0.162 51
75 ◦C 44.97 0.217 40 - - - - - -
80 ◦C 44.96 0.197 44 - - - 28.40 0.118 70

Figure 3 shows the 3D optical profilometry in the electrochemical layers of ZrO2
deposited at different temperatures. The RMS (root mean square) roughness values de-
termined from the measurements are shown in Table 2. The RMS roughness in the SnO2
substrate (magnetron sputtered on glass) is also presented for comparison. The calculations
were made on the basis of data taken from three different sections (Sq1, Sq2, and Sq3) of the
surface of the samples, with each of them having an area of (97 µm × 71 µm = 0.69 mm2).
The results of optical profilometry did not show a noticeable relationship between the RMS
roughness and the deposition temperature in the electrochemically deposited layers of
ZrO2. Here, the differences can be related to the different inhomogeneities in the layers,
with the layer deposited at 65 ◦C (Figure 3c) possessing the greatest inhomogeneity. This
inhomogeneity is not related to the substrate, as its RMS roughness is relatively constant
and is at least twice lower than that in the deposited layers. The probable reason for the
differences in the inhomogeneities at different temperatures is the different mobility of
the ions in the solution, and the way they are attached to the substrate at each individual
deposition temperature. Evidence of this is the electrolyte solution’s changing conductivity
with temperature; the data from the measurements in this parameter are shown in Table 3.
Measurements show that as the electrolyte’s temperature increases, the conductivity (σ)
increases and resistivity (ρ) decreases.

Table 2. Average roughness in the ZrO2 layers deposited at different temperatures on SnO2 substrate.

SnO2 Substrate Electrochemical ZrO2

60 ◦C 65 ◦C 70 ◦C 75 ◦C 80 ◦C

Sq1 (nm) 39 84 111 79 97 95
Sq2 (nm) 34.5 82 119 76 95 87
Sq3 (nm) 42.5 82 94 84 87 86

AVG (nm) 39 ± 2.7 83 ± 0.6 108 ± 8.2 79 ± 2.6 93 ± 3.4 89 ± 3
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Figure 3. 3D optical profilometry images of SnO2 substrate and electrochemically deposited ZrO2

layers obtained at different temperatures for 20 min: SnO2 substrate—(a); 60 ◦C—(b); 65 ◦C—(c);
70 ◦C—(d); 75 ◦C—(e); 80 ◦C—(f).

Table 3. Conductivity (σ) and resistivity (ρ) in electrochemical solutions measured at different
temperatures.

Electrochemical Solution

Temperature 60 ◦C 65 ◦C 70 ◦C 75 ◦C 80 ◦C

σ–mS/cm 3.89 3.97 4.07 4.25 4.44
ρ–Ω/cm 257 252 246 235 225

The average thickness in the ZrO2 layers deposited at different temperatures was
measured with a 3D optical profilometer, and the results were: 60 ◦C—445 nm, 65 ◦C—
517 nm, 70 ◦C—580 nm, 75 ◦C—595 nm, and 80 ◦C—480 nm.

Figure 4 shows the SEM micrographs of the magnetron-sputtered SnO2 substrate
on glass and the electrochemical layers of ZrO2 deposited at different temperatures. The
micrographs show that the zirconia layers have a predominantly granular structure with
grain sizes of about 0.3–0.5 µm for the layers deposited at 60 ◦C (Figure 4b) and 1–2 µm
for the layers deposited at 80 ◦C (Figure 4f). Here, in contrast to RMS’s roughness, we can
distinguish the dependence between the size of the grains located on the surface of the
layers and the deposition temperature. With an increase in the deposition temperature,
there was an evident increase in the size of the grains located on the surface of the elec-
trochemical layers. The apparent shape of the grains of which the layers are composed is
relatively regular. In Figure 4d, an onset of grain coalescence leading to the formation of
larger crystallites is observed for the layer deposited at 70 ◦C. This layer appears to have
the best morphology for the range of the deposition temperatures studied, and this can
also be confirmed by the lowest-measured RMS roughness at this deposition temperature.
This improved structure may be due to more favorable conditions, such as ion mobility
and adhesion to the substrate, contributing to the formation of this type of structure.
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Figure 4. SEM micrograph of SnO2 substrate and ZrO2 layers electrochemically deposited at differ-
ent temperatures for 20 min: SnO2 substrate—(a); 60 ◦C—(b); 65 ◦C—(c); 70 ◦C—(d); 75 ◦C—(e);
80 ◦C—(f).

The transmission, diffuse transmission, and haze ratio spectra of zirconia layers
deposited at different temperatures are shown in Figure 5. For comparison, the spectra
of the SnO2 substrate are also shown in Figures 5 and 6. In the transmission spectra we
observe a decrease in the values (related to the specular component of it) (Figure 5a) with
increasing deposition temperature up to 75 ◦C. Further increases in temperature up to 80 ◦C
show a slight increase in the values. In the diffuse transmission spectra (Figure 5b), an
increase in the values is observed with increasing deposition temperature, in which case the
layer deposited at the highest temperature (80 ◦C) has the highest values. The most likely
explanation for the higher values in specular transmission for the layer deposited at 80 ◦C,
compared to those deposited at 70 ◦C and 75 ◦C, is due to its lesser thickness, which comes
from the different deposition rates depending on the electrolyte temperature. At higher
deposition temperatures (from 80 ◦C), we obtained the formation of larger grains than
those of the layers deposited at 70 and 75 ◦C (Figure 4) but located with a lower density on
the surface; the lower density leads to higher values in the specular transmission of this
layer. In the case of diffuse transmission, the grain size is also important. We observed
the highest values in the spectra for the layer deposited at 80 ◦C because this layer has the
largest grains, which leads to greater scattering. The values calculated for the haze ratio
(Figure 5c) show the highest values in the visible region of the layers deposited at 75 ◦C,
followed by those at 70 ◦C. This is because these layers have the lowest values of specular
transmission, and the haze ratio represents the percentage ratio of the diffuse component
related to the full transmission.
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Figure 5. Transmittance (a), diffuse transmittance (b), and haze ratio (c) in ZrO2 layers electrochemi-
cally deposited at different temperatures.

Figure 6. Reflectance (a), diffuse reflectance (b), and haze ratio (c) in ZrO2 layers electrochemically
deposited at different temperatures.

Figure 6 shows the optical spectra of reflection, diffuse reflection, and haze ratio of
electrochemical ZrO2 layers deposited at different temperatures. The spectra corresponding
to the specular component of the reflection are shown in Figure 6a. Here, in general, the
layers have very low values (less than 5%) in the visible range, and these values decrease
with increasing deposition temperature to reach less than 1% for the layers deposited
at 75 and 80 ◦C. Here, we observe strongly pronounced interference maxima that are
a result of the SnO2 substrate (magnetron sputtered on glass). This effect is observed
when the layers are not thick and homogeneous enough and the substrate (which must
have a flat parallel surface) is transparent to some extent and reflected through the layer.
In the spectra of diffuse reflection (Figure 5b), the values are slightly higher than those
of mirror reflection and reach about 10%–11% for the layers deposited at 70 and 75 ◦C.
Unlike diffuse transmission, the layer deposited at 80 ◦C does not have the highest values,
because in the reflection, apart from the size and shape of the grains, their surface density
is also of great importance. For this reason, layers with more densely located grains on
the substrate surface (such as layers deposited at 70 and 75 ◦C) have higher values in
diffuse reflection. In diffuse reflection spectra, we do not observe interference maxima,
because the SnO2 substrate has negligibly small scattering values below 1%, which does
not affect the electrochemical layers of ZrO2. The values calculated for the haze ratio
(Figure 6c) show high values in the visible range; as for the layers with a denser surface
grain structure (those deposited at 70 and 75 ◦C), they reached 90%–95%. The “haze ratio”
relationship is the percentage ratio of the components of diffuse transmission or reflection
to the total transmission or reflection. The dependence of the optical spectra behavior
on surface morphology is reported for ZrO2 films obtained with different deposition
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methods, reflecting the peculiarities of the selected deposition method, the experimental
conditions, and the specific structural and dielectric properties of the films arising from
them. In [32], ZrO2 thin films were obtained by magnetron sputtering onto optical grade
quartz substrates. The crystallite size of the layers was in the range from 5 to 25 nm and
was shown to significantly affect the optical characteristics of the thin films. The increasing
crystallite size is associated with a random distribution of the grains, which makes the
film surface rough, and as a result, an increase in light-scattering losses was observed.
In [20], the average crystallite size of zirconium oxide films prepared by the magnetron-
sputtering process at different argon partial pressures increases from 19 nm to 25 nm with
increasing pressure. The minimum transmission values above 63% were observed for all
films deposited at different pressures, and the values increased slightly with increasing
argon partial pressure. This is explained by the thickness decreasing from 433 nm to 385 nm.
In [33], homogenous and transparent nanocrystalline zirconia layers deposited on quartz
substrates were produced by thermal oxidation using DC magnetron-sputtering techniques.
It is shown that by increasing the annealing time from 60 to 240 min, the grains combine
and form larger grains, in this manner changing the surface morphology from a pyramidal
to cluster-type surface. By increasing the annealing time, the transparency of the zirconia
films also increased. ZrO2 films were also deposited by filtered cathodic vacuum arc [34].
The film structure is amorphous at room temperature and develops to polycrystalline upon
heating the substrates to temperatures of 150 ◦C and above. Increasing the temperature
leads to an increase in the surface’s roughness. It was shown that changes in the film
microstructure result in variations in their optical properties. For ZrO2 thin films deposited
through plasma-enhanced atomic layer deposition [17], it was shown that the transmittance
increased monotonically with increasing wavelength. The lowest transmittance of 76.6%
was measured at 300 nm, and the highest transmittance of 95.5% was measured at 800 nm
(~30 nm; substrate: borosilicate glass; deposition temperature: 150 ◦C). ZrO2 films [5]
spin-coated with a simple water-based solution and cured with UV-A radiation = 330 nm
for different times (40, 80, and 120 min) were compared with thermally annealed film (at
350 ◦C). The UV-A radiation-exposed films, in comparison to thermal treatment, exhibited
a decrease in optical transmittances. The optical spectroscopy results demonstrated that
increased doses of UV-A radiation improved the quality of films, in comparison with
heat-treated films. In comparison with most of the above cited papers [5,17,32–34], we
observed a greater size of grains and greater value in film roughness, leading to greater
values in diffuse and haze ratio spectra. In any case, all these features depend on the
applied deposition method, as well as the variety and specificity of working conditions.

4. Conclusions

The innovation approach we used to produce zirconia thin films by an environmen-
tally compatible and quite inexpensive electrochemical deposition enriches and amplifies
the existing data for essential properties of ZrO2 layers grown by other deposition methods.
We described our results on the impact of deposition temperature on the structural, morpho-
logical, and optical properties of nanostructured ZrO2 films. The XRD patterns showed six
(one in the tetragonal phase and five in the monoclinic phase) different diffraction maxima
related to zirconium oxide, with no relationship between the deposition temperature and
the average grain size. The calculations obtained from the optical profilometry did not
show a relationship between RMS roughness and the deposition temperature in the electro-
chemical layers of ZrO2, as the differences can be related to the different inhomogeneities
in the layers. SEM micrographs revealed that the layers were composed mainly of granular
structures, and the constituent formations had relatively regular spherical shapes. The size
of these formations increased with increasing deposition temperature, and at 80 ◦C, they
were about 1–2 µm. We also observed dependence in the optical spectra, as the values of the
specular components of transmission and reflection decreased with increasing deposition
temperature, and the values of the diffuse components and the haze ratio increased. It was
demonstrated that the electrochemical method, in a relatively narrow and easily achievable
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temperature interval, allows the growth of diverse morphology and size nanostructures.
Such layers of zirconia (with a wide energy band gap) with low values in specular and high
values in diffuse transition and reflection in the visible and NIR range can be applied in
some optoelectronic devices, such as background scatter layers in thin-film solar cells.
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