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Abstract: This work studies the effects of varying erbium dopant percentages on the optical, structural, morphological,
elemental, and electrical properties of zirconium telluride thin films deposited via electrochemical deposition technique.
The obtained films were characterized using Uv-Visible Spectrophotometer, X-ray diffractometer (XRD), scanning
electron microscope (SEM), energy dispersive x-ray spectroscope (EDX), and a four-point probe system. XRD analyses
showed cubic polycrystalline films with the most intense peak at (111) plane. SEM micrographs revealed spherical balls
while EDX spectra confirmed the deposition of basic elements. Good optical features and decreased band gap energies
from 1.80 eV to 1.76 eV were observed upon addition of erbium. The electrical conductivities of the films improved
significantly upon doping. The deposited films are potential solar cells, and optical materials.
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1. Introduction

Thin-film coatings such as antireflective and anti-reflection (AR) coatings are magnified when the thin-film
coatings are made up of different layers with quality thicknesses and refractive indices [1]. The market-price of
photovoltaic materials used to harvest solar energy such as accumulators can be fabricated into chips of different shapes,
sizes, thin metals, and paper using thin-film printing technology. Nanomaterials are also of substantial importance in
this fast-growing age [1, 2]. A common use of thin-film is in the manufacture of reflective and anti-reflective or self-
cleaning glasses [3]. In recent years, the study of transition-metal dichalcogenides materials has been extensive because
of its applications in photovoltaics [4, 5]. The transition-metal dichalcogenide materials possess different layers with
the transition metal atom sandwiched between two chalcogen atoms [6, 7]. Those layers are separated by Van der Waals
force [8, 9], which offers new promising materials beyond graphene for exploring striking phenomena and device
applications [10, 11]. Metallic chalcogenides exhibit excellent optical and electrical features [12, 13]. Researchers have
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paid much attention to zirconium-based chalcogenides [14, 15], transition metal tellurides [16], zirconium telluride [17],
effect of temperature on zirconium telluride films [18]. Zirconium telluride (ZrTe,) materials have great physical,
electronic, thermoelectric, and electrical properties [17, 19].

Many researchers have used different techniques to synthesize ZrTe, thin films; some of which include
electrodeposition technique [20], pulsed laser deposition [17, 21, 22], sputtering [23, 24]. Electrochemical deposition
is a process that allows oxides or salts to be deposited on the surfaces of conducting substrates by electrolyzing a
solution containing the desired metallic ion [25]. It involves immersing the conductive substrate in a solution that
produces coatings as electric current passes through the substrate via oxidation and reduction reactions. It serves as a
useful synthesis technique because of its quick, efficient, and easy means. Erbium is a rare earth metal that exhibits in
a trivalent form (Er’") with sharp absorption spectra bands in the ultraviolet, visible, and near-infrared regions. It finds
application in optical amplifiers, optical fibers, metallurgical additive, and laser devices. Amongst these techniques;
the electrochemical deposition (ECD) technique is more suitable for the growth /syntheses of erbium-doped zirconium
telluride thin film because it is economically friendly, easy to use and can be used for industrial fabrication of films
within a short period.

The effect of percentage concentration of erbium on zirconium telluride (Er-ZrTe,) thin films using the ECD
technique and its application in solar cell has been studied. Parameters like deposition potential and the percentage
concentration of precursors have been optimized at initial stages of deposition. The optical, structural, morphological,
elemental, and electrical features of the obtained samples were examined using various techniques alongside the effects
of erbium on the properties of zirconium telluride.

2. Experimental details
2.1 Materials and method

Analytical grade of Zirconium (IV) oxychloride octahydrate (ZrOCl,.8H,0), Tellurdioxide (TeO,), Hydrogen
Chloride (HCI), Erbium trioxide (Er,0;), deionized water (DW), power supply, multimeter, carbon electrode, fluorine-
doped tin oxide as substrate (FTO) were used for the deposition of ZrTe, and Er-ZrTe, thin films. The substrates were
dipped in acetone, methanol, rinsed with deionized water, and later ultra-sonicated for 20 min in methanol solution for
purification. The setup of the electrochemical deposition technique (ECD) adopted is shown in Figure 1 with the bath
system composed of a cation source (i.e Er,0,, ZrOCL,.8H,O for Er’", Zr*"), a source of the anion (i.e Tellurdioxide (TeO,
for Te”), 100 ml deionized water, magnetic stirrer used to stir the reaction bath, the power supply used to provide an
electric field (DC voltage), a conducting glass as the cathode, carbon rod as the anode.

Figure 1. Schematic diagram of a 3-electrode system adopted during ECD process
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2.2 The growth of Er-ZrTe, thin films

The substrates were kept in a vacuum to avoid contamination. An aqueous solution of 0.1 mol of the cationic
precursor (ZrOCl,.8H,0) was mixed with 0.15 mol solution of tellerium powder each in 100 ml of water and stirred. The
stoichiometry mixture of zirconium and erbium compounds in 100 ml of deionized water was stirred using the magnetic
stirrer at 500 rpm for 3 mins. The FTO substrates were weighed before the deposition. During the deposition of the
ZrTe, film, the target materials were poured into the beakers i.e 15 ml each for the zirconium and tellerium solutions.
Using the forceps, the substrate was picked from the glass container, placed in-between the working electrode, and
then inserted into the target material. The potential drop across the thin film was measured after 15 sec. with the help
of a digital multimeter, a current passing through the sample was measured with the help of a sensitive ammeter while
the power supply was kept at a constant voltage of 10 V. Uniform deposition of thin films by ECD was achieved;
the deposited films were rinsed in deionized water and kept in an oven to be annealed at 300°C for 30 min to remove
internal stresses. For the doped samples, 10 ml of the Erbium (Er) solution was added to the above setup for the 1%
doped sample while a similar experimental procedure was adopted for the 2%, 3%, and 4% doped samples. Varied
dopant percentages were adopted to obtain varying films of different thicknesses. The substrate-filled films were
then weighed after the deposition process to ascertain the film thicknesses. The gravimetric method was adopted in
determining the film thickness.

2.3 Characterizations

UV-1800 spectrophotometer, Bruker D8 Advance X-ray diffractometer with Cu-Ka line (A = 1.54056 A) in 20
range from 10°-80°, scanning electron microscope, energy dispersive x-ray spectroscope and a four-point probe was
used to measure respectively the optical, structural, morphological, elemental and electrical properties of the deposited
films. Various other optical parameters were also calculated and plotted.

3. Results and discussion
3.1 Optical studies

The optical absorbance and transmittance spectra of the deposited films were studied within a wavelength range
of 300-1100 nm as shown in Figure 2a-b. An increase in the absorbance and transmittance was recorded at increasing
dopant concentrations of erbium. This shows the positive effect of erbium on ZrTe, film thereby making it a potential
material for solar cells and supercapacitors. Introducing erbium as dopant increased the transmittance of the films with
the 4% erbium-doped sample recording the maximum transmittance. Erbium allowed light passing through it to get
absorbed by the host material (ZrTe,). Similar absorbance and transmittance results have also been obtained [18].
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Figure 2. (a) Absorbance and (b) transmittance plots of the deposited films
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The energy band gap spectra of the films shown in Figure 3 estimated from the Tauc plot extrapolation method,

using: (ahv)l? = ,B(hv—Eg). Band gap energies ranging from 1.76 eV to 1.80 eV are outlined in Figure 3. The band gap
energy decreased with increasing dopant percentages. This decrease shows the increased conductivity of the films upon
the addition of erbium to the host material. This reduced E, also showed high electron movement and that less energy

was needed to excite an electron from the valence band to the conduction band [17].

0.025 Band gap Energies E74
~; EZ4 1.76 eV —
5 0.020EZ3 1.77 eV m—FZ3
E EZ2 1.78 eV — E72
5 0.015|EZ1 1.79 eV — 71
o EZO 1.80 eV w £70)
(=)
= 0.010
X
> 0.005
<=
S

0.000

075 100 125 150 175 200
hv (eV)

Figure 3. Band gap energy plots of the samples

The optical refractive index, extinction coefficient, and optical conductivity plots are shown in Figure 4a-c.
The decreased refractive index values at increasing photon energy showed efficient light propagation through the
deposited material. It can be observed that the doped films exhibited better optical properties in terms of conductivity
than the undoped sample due to the incorporation of erbium. As the dopant percentage increased, the deposited films
exhibited better light absorption and conduction. This feature makes the deposited films potential materials for solar cell

fabrication.
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Figure 4. Plots of (a) refractive index (b) Extinction coefficient
and (c) optical conductivity versus photon energy for the deposited films

The dielectric constant tells us how strong the electric force is by measuring the amount of electric potential energy
in a given material volume. The real and imaginary dielectric constant of ZrTe, and Er-ZrTe, thin film as a function of
photon energy as shown in Figure 5 reveals that as the dopant concentration of ZrTe, films increased the photon energy
increased. The photon energy of the materials has a steady increase from 2.0 eV-3.5 eV with a sharp drop in the photon
energy of the film up to 4.0 eV. This increase signifies effective energy absorption and charge retention. From the plots,
real and imaginary dielectric constant values of the films improved due to the introduction of the dopant (erbium).
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Figure 5. Plots of (a) real dielectric constant and (b) Imaginary dielectric constant against photon energy of the films

3.2 Structural studies of ZrTe, and Er-ZrTe, films

The X-ray diffraction patterns of ZrTe, and Er-ZrTe, thin film showed prominent crystalline peaks that are in
agreement with their respective JCPDS card numbers: 046-1088 and 041-1445 for ZrTe, and Er-ZrTe, films with a cubic
phase indexed at (111), (200), (201), and (210) orientations. The XRD patterns as shown in Figure 6 were obtained using
the energetic Cu-K,, X-ray source (A =1.5406 A) in the diffracting angle range of 15-80°. The films were polycrystalline
in nature with intense peaks at (111) and (201) planes corresponding to 20 values of 26.90° and 51.42°. Reduction of
the peak intensity towards increasing 2theta degree values is evidence of the presence of microstrain along the crystal
lattice. The average crystallite size was estimated using Scherrer’s formula in equ. 1. Other structural parameters like
lattice constant (a), d-spacing, dislocation density (8) have been outlined in Table 1.
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Figure 6. XRD spectra of (a) ZrTe, and (b-e) 1%, 2%, 3%, 4% Er-doped ZrTe, deposited films

Table 1. Structural parameters of ZrTe, and Er-ZrTe, films

d-spacing

FWHM

Crystallite Size

Dislocation density,

Sample 20 () (nm) a (nm) ) (hkl) D (nm) 5 (lines/m>)
EZO 26.90 0.3310 0.3823 0.1480 111 57.622 0.00030
EZ1 39.52 0.2278 0.2630 0.1851 200 47.613 0.00044
EZ2 52.32 0.1747 0.2017 0.2095 201 44.108 0.00051
EZ3 62.52 0.1484 0.1713 0.2249 210 43.833 0.00052
EZ4 66.13 0.1411 0.1629 0.2258 211 43.143 0.00054
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From Table 1, the grain size of the deposited films reduced with increasing dopant percentages due to the
formation of impurity bands which allowed the trapping of erbium atoms into the host material. The lattice constant and
dislocation density values have also been outlined.

3.3 Surface morphology of ZrTe, and Er-ZrTe, thin films

The surface morphologies of the films are shown in Figure 7. SEM images reveal ball-like crystals of varying
sizes that are evenly distributed on the substrate surface. This even distribution confirms uniform surface coverage of
the deposited films. Minimal pinholes and cracks were also observed from the SEM images. This compact morphology
aided the absorption of the dopant and transmission of light into the deposited films; thereby making it useful for
application in solar cells and electronic devices.
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Figure 7. SEM micrographs of the (a) ZrTe, and (b-¢) 1%, 2%, 3%, 4% Er-doped ZrTe, deposited films

3.4 Elemental study of ZrTe, and Er-ZrTe, thin films

The EDX plots of the deposited zirconium telluride and erbium-doped zirconium telluride thin films are shown
in Figure 8. The doped samples exhibited similar spectra which are singly shown in the figure. The major elements:
zirconium, tellurium, and erbium were observed as constituents of the as-deposited films. These spectra confirmed the
deposition of the basic elements.
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Figure 8. EDX spectra of ZrTe, and Er-ZrTe, films

3.5 Electrical study of ZrTe, and Er-ZrTe, films

The electrical parameters of ZrTe, and Er-ZrTe, films are presented in Table 2. Table 2 revealed an increase in
the thickness and conductivity of the films at increasing dopant percentages. Introducing the dopant improved the
conductivity of the host material (zirconium telluride) and made it potential materials for optical devices. This excellent
electrical feature of zirconium telluride films has been reported and make it potential candidates for quantum devices [21].

Table 2. Electrical parameters of ZrTe, and Er-ZrTe, films

Samples Thic(l;r;g;s () Resis(tgizvrig/; p) CondEJScrtIilxit)y; (o)
EZO 130.20 6.2973x10° 1.5879x10"
EZ1 140.13 5.3303x10° 1.8760x10"
EZ2 144.15 4.4021x10° 2.2716x10"
EZ3 149.17 3.0041x10° 3.3287x10"
Ez4 152.25 6.2973x10° 1.5879x10"

4. Conclusions

Electrochemical deposition was used to grow undoped and erbium-doped Zirconium Telluride thin films. The
optical, structural, morphological, elemental, and electrical properties of the deposited films were investigated. The ball-
like crystalline films exhibited better transmittance with reduced band gap energies upon doping with erbium. Structural
studies revealed crystalline films whose crystallite sizes decrease with increasing dopant percentages, elemental studies
confirmed the deposition of basic elements while electrical studies confirmed increased conductivity at increasing
dopant percentages. Introducing erbium as a dopant improved the properties of the deposited films. Er-doped ZrTe, thin
films find potential applications in solar cell and optical devices.
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