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Abstract: Time optimized cobalt-doped zinc selenide thin films have been successfully electrodeposited on fluorine-
doped tin oxide substrates. The films were deposited at the varying time of 1 min, 3 mins, and 5 mins respectively. Film
thickness, optical, structural, electrical, and morphological properties of the deposited thin films were evaluated. Film
thickness estimated using the gravimetric method increased from 294.35 nm to 399.62 nm as deposition time increased.
Optical properties showed that the absorbance of the films ranged from 13.58% to 83.15% and was found to increase as
deposition time increased. Transmittance ranged from 24.40% to 73.15% and was found to decrease as deposition time
increased. The reflectance of the films was found to be low while the energy band gap ranged between 2.10 eV and 2.85
eV. Structural properties confirmed the deposition of ZnSe thin film with crystallite size values that fall between 14.68
nm and 18.60 nm. Dislocation density is ranged from 4.66 x 10" lines/m” to 2.97 x 10" lines/m”> while microstrain
ranged between 8.53 x 107 and 5.83 x 10”. Crystallite sizes of the films were found to increase as deposition time
increased while dislocation density and microstrain were found to decrease as deposition time increased. Electrical
properties showed that the deposited films are semiconducting films with electrical resistivity values of 1.54 x 10° Q
cm-1.83 x 10* Q cm and electrical conductivity values of 6.30 x 10 S/cm-5.47 x 10” S/cm. The micrograph of the
films showed that the films were made up of nanoparticles and nanofibres of different dimensions. Energy-Dispersive
X-Ray Spectroscopy (EDS) spectra of the films confirmed the presence of cobalt, zinc, and selenium.
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1. Introduction

Over years, zinc selenide (ZnSe) thin films have been researched due to the promising properties that make
them suitable materials for use in optoelectronics such as blue-green lasers, light-emitting diode, optically controlled
switches, photoconductors [1-2]. Its unique electrical and optical properties have positioned it as a potential material
for thin-film devices such as photoluminescent and electroluminescent devices and as an n-type window (buffer) layer
in chalcogenide-based thin-film heterojunction solar cells [3]. Zinc selenide as a semiconducting material has a bulk
energy bandgap of ~ 2.70 eV [4]. These properties could be modified by varying the growth parameters such as dopant
concentration, pH, deposition duration, deposition potential, and others. Owing to these properties, different methods
have been adopted to prepare the ZnSe crystals as well as thin films. These methods include; chemical bath deposition
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[5-9], chemical vapor deposition [10-11], thermal evaporation [12-13], electrodeposition [14-17] and pulsed laser
deposition [18-19]. Cobalt is a potential dopant material in the ZnSe system due to its relative ionic radii (Zn>" — 0.74
A and Co™ — 0.75 A). Co-doped zinc selenide (ZnSe: Co) thin films have been investigated by [20-22] for various
applications. Their results showed enhancement in the properties of ZnSe thin films when cobalt ions were introduced
into the structure of ZnSe thin films.

Electrodeposition is a good technique for the fabrication of uniform and adhesive thin films due to its cost-
effectiveness, easy scale-up, good control of material structure, and corresponding substrate flexibility [23]. This
process involves the driving of cations to the cathode by an electric force. At the cathode, the cations are reduced to
metals, alloy, or react with each other to form a compound. Setup for electrodeposition can be either two-electrode or
three-electrode configuration. A two-electrode configuration system consists of an anode and a cathode while the three-
electrode configuration system consists of the working electrode, counter electrode, and reference electrode. In this
work, the three-electrode setup was used in the synthesis of the cobalt-doped zinc selenide.

To the best of our knowledge, the effect of deposition time on the properties of electrodeposited cobalt doped zinc
selenide has not been reported elsewhere. This formed the motivation for this work. This work studied the effect of
deposition time on the optical, structural, electrical, and morphological properties of electrodeposited cobalt doped zinc
selenide thin films deposited at room temperature. The deposited thin films of ZnSe were subjected to optical, structural,
electrical, and morphological analyses.

2. Materials and methods
2.1 Experimental procedures

Three electrodes setup was used to deposit cobalt doped zinc selenide thin films on fluorine-doped tin oxide (FTO)
substrate. FTO was used as the working electrode, the platinum rod was used as counter electrode while Ag/AgCl/CI
electrode was used as the reference electrode. Dazheng digital DC-power supply unit (model: PS-1502A) was used as a
voltage supply source. Two digital multimeters (DT9291A and Mastech: MY60) were used for measuring voltage and
current respectively. Figure 1 showed the electrodeposition setup for deposition cobalt doped zinc selenide.

For the growth of cobalt-doped zinc selenide thin film on FTO substrate, the aqueous electrolytic bath composed
of 15 ml of 0.240 M zinc acetate, 15 ml of 0.010 M of cobalt nitrate, 15 ml of 0.20 M selenium dioxide was prepared
and magnetically stirred for 5 minutes. 5 ml of 0.05 M NaSO, which served as a supporting electrolyte and 5 ml of 0.1
M H,SO, that served as a pH adjuster were added to the initial mixture under continuous stirring. The final solution was
stirred for 5 minutes followed by immersion of the three electrodes into the bath containing the electrolytic solution
and 4 volts were allowed to pass through the setup for 1 minute (1 min). Two other samples were deposited at times 3
minutes (3 mins) and 5 minutes (5 mins) respectively. Table 1 shows the constituents of the electrolytic baths.

Table 1. Bath parameter of time optimized Zn,_, Co,Se thin film

Zn ion Precursor Co ion Precursor Se ion Precursor Na,SO, H,SO, Voltage Time
Con. Vol. Con. Vol. Con. Vol. Con. Vol. Con. Vol. .
(mole) (ml) (mole) (ml) (mole) (ml) (mole) (ml) (mole) (ml) (volts) (mins)
0.240 15.00 0.010 15.00 0.20 15.00 0.05 5.00 0.10 5.00 4.00 1.0
0.240 15.00 0.010 15.00 0.20 15.00 0.05 5.00 0.10 5.00 4.00 3.0
0.240 15.00 0.010 15.00 0.20 15.00 0.05 5.00 0.10 5.00 4.00 5.0
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Figure 1. Schematic diagram of the electrodeposition experimental set-up

2.2 Characterization techniques

Film thickness was carried out using the gravimetric method. Structural analyses of the thin films were
studied using the X-ray diffraction (XRD) machine (Buker D8 high-resolution diffractometer) at Material Research
Department, iThemba Labs, Johannesburg, South Africa. Optical and electrical properties were evaluated using UV-
VIS spectrophotometer (model: 756S UV-VIS) and four-point probe (Keithley 2400-LV source meter) at Nano Research
Laboratory, Department of Physics and Astronomy, University of Nigeria Nsukka, Enugu State, Nigeria. Morphological
analysis of the film was done using the scanning electron microscope (MIRA TESCAN SEM) located at the Electron
Microscope Unit, University of Cape Town, South Africa.

3. Results and discussion
3.1 Thickness measurement

Thicknesses (t) of the deposited thin films were evaluated using the gravimetric method given in equation (1) by
[24-25].

d=i—j, )

where Am is the change in mass of the thin film. A is the surface area of the deposited film and p is the bulk density of
the material. The masses of the deposited films were obtained by finding the difference in mass between the mass of
the glass substrate and the film after deposition and the mass of the glass substrate before deposition. Figure 2 showed
the graph of thickness plotted against deposition time. The result showed that the thickness of the films increased as
deposition time increases. The optimal thickness of 399.62 nm was obtained at a deposition time of 5 mins while the
least thickness of 294.35 nm was obtained at 1 min of deposition time. This trend of increase in thickness as deposition
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time increases is similar to those obtained by [26-29].
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Figure 2. Variation of thin film thickness with deposition time

3.2 Structural analysis

Figure 3 shows the x-ray diffraction patterns of cobalt-doped zinc selenide thin films deposited under different
deposition times of 1 min, 3 mins, and 5 mins. The x-ray diffractograms correspond to diffraction patterns of the cubic
zinc selenide structural phase. The peaks observed in these films are in line with standard Powder Diffraction File (PDF)
card number 00-037-1463 of The Joint Committee on Powder Diffraction Standard-International Centre for Diffraction
Data (JCPDS-ICDD). 2 theta angles were observed for the films are shown in Table 2. Also, Peaks corresponding to tin
(IV) oxide (SnO,) with JCPDS-ICDD file number 00-046-1088 were observed at 33.781°, 37.694° and 50.689° for film
deposition under 1 min., 37.848°, and 50.735° for the film deposited under 3 mins and 38.041° and 50.746° for films
deposited under 5 mins. The presence of tin (II) oxide is a result of the nature of the substrate (fluorine-doped tin oxide)
used. The diffraction spectra showed an increase in intensity as deposition time increases and a slight peak shift towards
higher angles was observed as shown in Table 2. Structural parameters such as crystallite size, dislocation density, and
micro-strain were estimated using equations (2), (3), and (4) as presented by [24, 30-32]. The crystallite sizes (D) were
evaluated using Debye-Scherrer’s formula as shown in equation (2)

091
- 2
Bcosh’ N

Where £ is the full width at half maximum of the diffraction angles, / is the wavelength of Copper k£ — a1 radiation
used for X-ray diffraction analysis and 8 is the diffraction angle. The dislocation density () of thin films was estimated
using equation (3).

st 3)
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Figure 3. XRD pattern of cobalt doped zinc selenide thin films deposited by electrodeposition at varying deposition time (a) 1 min, (b) 3 mins, and (c)

5 mins

Table 2. Structural parameters of cobalt doped zinc selenide thin films at varying deposition time

26 ()

d-spacing (nm) 5% 10% 5
Samples FWHM () D (nm) . 2 ex 10
std. Obs. Std. Obs. (lines/m’)
27.186 27.238 0.327 0.327 0.484 17.643 3.213 8.715
1 min
45.263 45.316 0.200 0.200 0.615 14.621 4.678 6.428
Average 16.132 3.945 7.571
27.225 27.240 0.327 0.327 0.484 17.643 3.213 8.714
3 mins 45.196 45.308 0.200 0.200 0.615 14.62 4.678 6.429
53.569 53.590 0.171 0.171 0.400 23.252 1.85 3.454
Average 18.505 3.245 6.199
27.225 27.277 0.327 0.327 0.416 20.524 2.374 7.481
5 mins 45.196 45.348 0.200 0.200 0.552 16.29 3.768 5.765
53.569 53.617 0.171 0.171 0.390 23.247 1.85 3.453
Average 20.021 2.664 3.453
Micro-strain (¢) of the thin film sample was estimated using the expression in equation (4).
Volume 3 Issue 1]2022| 5 Nanoarchitectonics
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The average crystallite sizes of the films were found to be between 16.132 nm and 20.021 nm. The Crystallite size
of the films was found to increase as deposition time increased. Dislocation densities and micro-strains of the deposited
thin films were found to decreases as deposition time increases. This result showed that an increase in deposition time
caused enhancement of crystal structure in the cobalt doped zinc selenide thin films as confirmed by increased intensity
and sharpness of the peaks observed for the film deposited under 5 mins. A similar cubic structural phase of zinc
selenide has been obtained in the synthesis of zinc selenide thin films by [15, 19].

3.3 Optical properties

Transmittance (7) of the film was evaluated using equation (5) as given by [33-34].
T=10"" )
Reflectance (R) was obtained using the expression in equation (6) as given by [35-36].

1

R=1-[Txexp(4A)]2. ©

The absorption coefficient («) was calculated from the transmittance values using the equation (7) as given by [37-

1 1

Where ¢ is film thickness obtained using equation (1). Extinction coefficient (k) was obtained using equation (8) as
given by [39-40].

38].

_al

k===, ®)
4
Refractive index (7) of the films were calculated using equation (9) as given by [41-42].
p=1tR, 4R2—k2. )
I-R \(1-R)
The energy bandgap (£ g) was estimated using Tauc’s model of equation (10) as given by [45-46].
(ahv)" = B(hv-E,). (10)

Where f is a constant, n = 2 for direct band gap. The energy bandgaps of the films were obtained by extrapolating
the straight portion of (ochv)2 the plot of against the photon energy (4v) at (ochv)2 =0.
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Figure 4. The Plot of absorbance against wavelength for cobalt doped zinc selenide thin films deposited at different deposition time

Figure 4 shows the graph of absorbance plotted against wavelength for cobalt doped zinc selenide thin films
synthesized under different deposition times. The results showed that absorbance values decreased as the wavelength
of photons increases. Also, absorbance values were found to increase as deposition time increases. This increase in
absorbance values could be related to the increase in thickness of electrodeposited cobalt doped zinc selenide thin films
as deposition time increases. Absorbance values of the deposited thin films ranged between 13.58%. and 83.15%. With
this range of absorbance values, the deposited thin films of cobalt doped zinc selenide could be found applicable in the
buffer layer of a thin-film solar cell and other optoelectronics device fabrications. Similar effects on the absorbance of
thin film as deposition time increases have been obtained by [44, 47].

80
70 =
60 =
S
o 50
Q
g
k=
§ 40 =
=
30 -
20 4 —@— | min
—a— 3 mins
]ﬁ .
—&— 5 mins
10 L] L] L) L L] L] L] L
300 400 500 600 700 800 900 1000 1100

Wavelength (nm)

Figure 5. Plot of transmittance against wavelength for cobalt doped zinc selenide thin films deposited at different deposition time
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Figure 5 shows the graph of transmittance spectra plotted against wavelength for cobalt doped zinc selenide thin
films synthesized under different deposition times. The results revealed that transmittance values increased as the
wavelength of photons increases. Also, transmittance values were found to decrease as deposition time increases. This
decrease in transmittance values could be due to an increase in thickness which does not allow many photons to be
transmitted through the deposited thin film. Transmittance values of the deposited thin films fall between 24.40% and
73.15%. Similar effects on the absorbance of thin film as deposition time increases have been obtained by [44, 48].
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Figure 6. Plot of reflectance against wavelength for cobalt doped zinc selenide thin films deposited at different deposition time
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Figure 7. Plot of extinction coefficient against wavelength for cobalt doped zinc selenide thin films deposited at different deposition time
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Figure 6 shows the graph of reflectance against wavelength for cobalt doped zinc selenide thin films deposited at
different values of deposition time. The reflectance values of deposited cobalt-doped zinc selenide were found to be
low (£ 20.35%). The reflectance of the films showed a nonlinear relationship with deposition time. The range of values
of reflectance obtained for the film is between 2.11% and 20.35%. This range of reflectance values obtained from these
deposited films showed that they could be used in anti-reflective coating and for shading off UV radiations.

Figure 7 shows the graph of extinction coefficient plotted against wavelength for cobalt doped zinc selenide thin
films at varying deposition times. Extinction coefficient which is a measure of the amount of absorption loss when
electromagnetic radiation propagates through the films was found to decrease from their values at 300 nm to lowest
values of 0.35, 0.29, and 0.26 at 360 nm for cobalt doped zinc selenide thin films deposited at 1 min, 3 mins, and 5 mins
respectively. From these least points, the values increased as wavelength increases throughout the spectra. Extinction
coefficient values of the deposited films were found to decrease as deposition time increased. Cobalt-doped zinc selenide
thin films deposited under 1 min, 3 mins, and 5 mins have extinction coefficient values that ranged from 0.51-0.37,
0.48-0.29, and 0.36-0.26 respectively. These relatively moderate values of extinction coefficient made them potential
materials for use as a buffer layer of thin-film solar cells and other optoelectronic device fabrications.
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Figure 8. Plot of the refractive index against wavelength for cobalt doped zinc selenide thin films deposited at different deposition times

Figure 8 shows the graph of the refractive index against wavelength for cobalt doped zinc selenide thin films
deposited at different values of deposition time. Refractive index values of deposited cobalt doped zinc selenide were
found to be low (< 2.46). Cobalt-doped zinc selenide thin film deposited under 1 min, 3 mins, and 5 mins have refractive
index values that ranged from 2.46-1.98, 2.61-2.09, and 2.61-1.15 respectively. For film deposited at 5 minutes with
the highest thickness of 399.62 nm, the refractive index was found to be stable beyond the wavelength of 600 nm. This
stability in refractive index beyond 600 nm is similar to the result obtained by [49].

Figure 9 shows the Tauc plot of (ochv)2 against photon energy for cobalt-doped zinc selenide thin films deposited
at different deposition times. From the plot, direct energy band gap values of the films were estimated by extrapolation
of the straight portion of the graph along the photon energy axis where (ozhv)2 = 0. Bandgap which is the gap in energy
between the valence band and conduction band of the deposited film was found to be 2.85 eV, 2.35 eV, and 2.10 eV
for the thin film deposited at 1 min, 3 mins, and 5 mins respectively. The result showed a decrease in the energy band
gap of films as deposition time increases. This confirmed the prospect offered in energy bandgap engineering of cobalt
doped zinc selenide by altering deposition time. Similar effects on bandgap due to changes in deposition time using
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electrodeposition techniques have been reported by [44, 47-50].
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Figure 9. Plot of (ahv)’ against photon energy for cobalt doped zinc selenide thin films deposited at different deposition time

3.4 Electrical properties

The measurement of dc conductivities of the films was carried out using the four-point probe technique. Usually, in
a four-point probe setup, a constant current passes through two outer probes, and an output voltage is measured across
the two inner probes. Values of resistance (V/I) of the films could be estimated using measured current and voltage.
Electrical conductivities and resistivity of the synthesized thin film were determined using expressions as given by [51-

54] in equations (11) and (12) respectively.

mt (V V
= | = |=4.5231 — |, 1
o= 7)o (7) av

and electrical conductivity is given as
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. (12)

where ¢ is the estimated thickness of the films obtained by the gravimetric method. Electrical properties of cobalt doped
zinc selenide thin films deposited at varying deposition times are shown in Table 3. The result showed that the variation
in the deposition time has a resultant effect on the electrical properties of cobalt-doped zinc selenide thin films. An
increase in deposition time caused a decrease in the electrical resistivity values of the deposited films. The resistivity
values decreased from 15.90 x 10* Q cm to 1.83 x 10* Q cm while electrical conductivity values of the films were
found to increase from to 6.30 x 10 S/cm to 5.47 x 10™ S/cm. Figure 10 showed the variation of electrical resistivity
and conductivity with deposition time. The trend in resistivity and electrical conductivity obtained is in line with results
obtained for semiconducting thin films by [55-57]. The reduction in the electrical resistivity or increase in the electrical
conductivity is due to the improvement in the crystallinity of the deposited thin films which is a result of the increase in
the film thickness [58-59].
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Figure 10. Variation of electrical resistivity and conductivity with deposition time

Table 3. Electrical properties of cobalt doped zinc selenide thin films deposited at different deposition times

Deposition Vx107 %1071 Rx 10 Thickness R, x 107 px 10 o, % 107

Time (mins) (volts) (amps) Q) (nm) (Q/sp) (Q cm) (S/cm)
1.0 37.35 0.31 119.00 294.35 539.09 159 0.63
3.0 21.01 1.17 17.89 315.94 81.02 2.56 3.91
5.0 19.40 1.92 10.10 399.62 45.77 1.83 5.47
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3.5 Morphological analysis

Figure 11 shows SEM images of cobalt doped zinc selenide thin films deposited at varying deposition times of
1 min, 3 mins, and 5 mins respectively. SEM image of the film deposited under I min revealed agglomerated tiny
nanofibres of different dimensions. SEM image of the film deposited at 3 mins showed that the surface of the thin film
contained mostly spherical-like particles of different sizes. Larger particles of similar shapes are seen at the topmost
layer of the surface. SEM image of the film deposited at 5 mins showed that the surface of the film is made up of
interconnected nanofibres with spherical-like tiny particles encapsulated within the fabrics of the nanofibres.

MIRA3 TESCAIN

University of Cape Town

SEM HV: 5.0 kV SE MIRA3 TESCAIN
View field: 10.4 um /D: 8.68

University of Cape Town

Figure 11. SEM images of cobalt doped zinc selenide at varying deposition time

3.6 Compositional analysis

EDS spectra of cobalt doped zinc selenide synthesized at different deposition times are presented in Figure 12.
Atomic percentages of the elements in the deposited thin films were presented along with the EDS spectra. From these
results, it was observed that deposition time favoured deposition of ZnSe thin films with a high percentage of selenium
content. Also, zinc and cobalt contents were found to increase as deposition time increased from 1 min to 5 mins. Other
elements such as oxygen (O) and tin (Sn) are a result of the substrate (FTO) used for the deposition.

Nanoarchitectonics 12 | Okoli, N. L., et al.



Elements C o) Co 7n Se Sn Total Elements | C (6] Si Co Zn Se Sn Total

Atomic
Atomic (%) |12.98 | 8.41 285 18.93 47.23 9.60 100 %) 8.13|10.42| 4.34 | 3.85 | 20.64 | 43.18 | 9.43 100

Elements | C (6] S Co Zn Se Sn Total

At(‘j/”)‘ic 11100 17.1] 0.62 | 5.70 | 22.86 |39.87 | 2.74 | 100
0

Figure 12. EDS spectra of cobalt doped zinc selenide at varying deposition time

4. Conclusion

Time optimized cobalt-doped zinc selenide thin films have been successfully electrodeposited unto conducting
substrates (fluorine-doped tin oxide: FTO). Three films were deposited at different times of 1 min, 3 mins, and 5 mins
respectively. Thickness values of the formed films estimated using the gravimetric method ranged between 294.50 nm
and 399.62 nm. Electrodeposited cobalt doped zinc selenide showed good optical responses with absorbance that ranged
from 13.58% to 83.15% while transmittance ranged from 24.40% to 73.15%. The energy band gap of the films ranged
between 2.10 eV and 2.85 eV. Structural analysis revealed the formation of polycrystalline cubic phase of zinc selenide
with crystallite size that ranged between 14.86 nm and 18.60 nm. Other structural properties such as dislocation density
and microstrain were found to vary with deposition time. Electrical resistivity values of 1.54 x 10° Q cm-1.83 x 10* Q
cm and electrical conductivity values of 6.30 x 10° S/cm-5.47 x 10™ S/cm. Based on the results, the film deposited at 5
minutes produced an optimal bandgap of 2.10 eV and improved electrical conductivity of which make it most suitable
for the absorber layer of solar cell and optoelectronic applications compared to others. These enhanced properties could
be a result of an increase in cobalt ions as shown in the EDS results of figure 12. Micrographs of the films showed that
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the films were made up of nanoparticles of varying sizes and dimensions. EDS spectra confirmed the presence of zinc
(Zn), cobalt (Co), and selenium (Se) with traces of other elements. These properties positioned the deposited cobalt
doped zinc selenide as potential materials for solar cell and optoelectronic device fabrication.
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