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Article history: In this research, ZnSe thin films were deposited on glass substrate by the thermal
Received 24 May 2021 evaporation method with deposition rates of 0.2, 0.4, 0.6, and 0.8 nm/s and with a constant
Revised 18 August 2021 thickness of 250 nm. All samples were annealed for 100 minutes at a temperature of 400
Accepted 28 August 2021 °C. Various techniques such as UV-Vis spectrophotometer, X-ray diffraction (XRD)

Available online 30 October 2021  analysis, and scanning electron microscope (SEM) were used to investigate different
physical parameters such as energy band gap, refractive index, extinction coefficient,
dielectric constant, and porosity of the ZnSe thin films. The influence of the deposition
rate on the mentioned parameters was investigated. The XRD patterns showed that the
ZnSe thin films have a cubic structure. The structural parameters such as lattice constant,
crystallite size, strain, and dislocation density were determined for different samples. The
maximum average transmittance of %93.1 in the visible wavelength region was obtained
for the deposition rate of 0.6 (nm/s). The optical band gap was calculated using the
derivation of absorption spectrum fitting (DASF) method, and the values of the energy
band gap were obtained in the range of 3.711+0.01 to 3.98+0.01 eV. The XRD results
acquired from the Williamson-Hall method showed that the crystallites size and strain of
different samples were achieved in the range of 21.6+1.1 to 42.942.3 nm and
(0.61+0.02)x10 to (2.8940.04)x107, respectively. Finally, the relation between the
optical and microstructural properties of the ZnSe films was studied.
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1 Introduction refractive index, and high optical sensitivity [2-5].

Based on these special properties, ZnSe has various

In recent years, thin-film science has grown
considerably among various scientific domains as
much research has been done in this field. Among
optical thin films, semiconductors play an important
role. ZnSe is a semiconductor of two known
compounds with a bright yellow color that has two
hexagonal and cubic crystalline structures [1]. This
compound has high chemical stability, and it's
interesting properties include a wide band gap, high

*Corresponding author.

applications in thin film solar cells as buffer layer [6—
8], cell imaging, humidity and gas sensors [9], thin
film transistors [10], lasers [11], photo-detectors
[12], blue-green zone of visible wavelength in light-
emitting diodes [13], field emitter [9], and
hydrophobic coating [14]. Therefore, the study of
optical properties and detailed structural analysis are
important to provide knowledge on the promising
ZnSe material. Different methods have been used to
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deposition of ZnSe thin films, such as RF magnetron
sputtering [15], spray pyrolysis [16], chemical bath
deposition [17], molecular beam epitaxy [18], and
vacuum evaporation [19].

The ZnSe thin film prepared with the thermal
evaporation technique are uniform and adherent. The
optical and microstructural properties of ZnSe thin
films investigated by some growth
conditions such as substrate temperature, thickness,

have been

and post-deposition annealing temperature [20]. To
the best of our knowledge, according to the literature,
less attention has been paid to the effect of deposition
rate on optical and microstructural properties of ZnSe
thin films deposited by the thermal evaporation
technique. In this research, the effect of deposition rate
on the various parameters such as transmittance,
reflectance, optical band gap, extinction coefficient,
refractive index, imaginary dielectric
constants, lattice constant, crystallite size, strain, and
dislocation density of the ZnSe thin films, is
investigated. Since the relationship between them is
not yet fully understood and requires further research,
in this work, an appropriate correlation is established
between the various parameters, including the optical
and microstructural properties of ZnSe thin films. We
also attempt to express the interpretation for each of
the phenomena that occurrs in different sections.

real and

2 Experimental details

In this study, ZnSe thin films are deposited on the
glass substrate. The cleanliness of the substrate surface
is very important and affects the uniformity, optical
and structural properties of the film. For cleaning of
the substrate surface, the substrates were washed
sequentially, in acetone, ethanol, isopropanol,
Methanol, and then deionized water in an ultrasonic
apparatus (Parsonic 2600s, Pars Nahand Engineering
Company) for ten minutes. The substrates were placed
in a vacuum chamber after drying with nitrogen gas
flow. The thermal evaporation system (Yar Nikan
Saleh Company, Iran) was used for film deposition.
The vacuum chamber is depleted to the base pressure

of 2x10 > mbar . The ZnSe powder (Sigma Aldrich
Company) was used as the target material with 99.99%
purity. The thickness of the films and deposition rate
were controlled using the quartz crystal system.
Samples were prepared at ambient temperature and
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deposition rates of 0.2, 0.4, 0.6 and 0.8 nm/s and in the
same thickness of 250 nm. All samples were annealed
in a vacuum with the same conditions at 400 °C for
100 minutes after the growth process to improve the
optical properties of ZnSe thin films. The image of the
fabricated samples at different deposition rates, before
and after the annealing process, is shown in Fig. 1.
Transmittance data and optical reflection of the films
were measured by a double-beam spectrophotometer
(Shimadzu UV-3100 model). The microstructure of
ZnSe films was determined using X-ray diffraction
(XRD, X' Pert-Pro MPD, Panalytical Company) and
the surface morphology of ZnSe films was determined
using Scanning Electron Microscope (SEM, VEGA-
TESCAN-LMU model).

02nm/s 04nm/s 06nm/s 0.8nm/s

unannealed samples

annealed samples

Figure 1. Image of the fabricated ZnSe thin films at different
deposition rates, before and after the annealing process.

3 Discussion

The transmission (7') of ZnSe thin films was measured
versus wavelength (A) using a spectrophotometer
apparatus. The transmittance of the samples, with
various deposition rates before and after the annealing
process, is shown in Figs. 2a and 2b, respectively. The
presence of ripples in Fig. 2a can illustrate the
the film. Thin film
interference is a phenomenon in which light waves
reflected from the upper and lower boundaries of a thin
film interfere with each other, and their interference

interference effects inside

can be constructive or destructive. Following this
phenomenon, maxima and minima occur in the
transmission spectrum, and its diagram shows the
oscillating behavior.

Figure 2b shows the transmittance spectrum of the
films after annealing at 400 °C. According to this
figure, by increasing the deposition rate, the absorption
edge has been shifted towards a longer wavelength.
This change in the transmittance spectrum can be
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related to a change in the structural nature of the films
[20]. The absorption edge is located in the ultraviolet
region for all samples. As shown in Fig. 2b,
transmission in the visible region is uniform due to
heat treatment, and its value is more than %83 for all
samples in this region. According to the figure, its
average value in the visible wavelength region for the
deposition rates of 0.2, 0.4, 0.6 and 0.8 nm/s, is %83.5,

%90.5, %93.1 and %86.9, respectively.
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Figure 2. Plot of the transmission as a function of wavelength with
different deposition rates (a) before annealing, (b) after annealing

at 400 °C.
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In general, the transparency of the films has improved
after the annealing process. The reflection of the
samples after the annealing process is shown in Fig. 3.
As can be seen, the amount of the reflection in the
visible region is less than %20, which is due to the
dispersion and more transmission of these films in this

region [21].
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Figure 3. Plot of reflection of ZnSe thin films deposited at different

deposition rates after annealing at 400 °C.

The absorption coefficient (a(4)) can be obtained from
reflection and transmission data as follows [22]:

1 ((1-R)?
<T) ey

d

Where a, d, R, and T are the absorption coefficient,

film thickness, reflectance and transmittance,

respectively.

To further investigate the optical properties of the
samples, the extinction coefficient (k) and refractive
index (n) were calculated. The extinction coefficient

(k) is obtained as follows:

_aﬂ )
=1 (2)

In this equation A is the photon wavelength. The
extinction coefficient as a function of wavelength is
shown in Fig. 4a. According to this plot, the extinction
coefficient of the samples in the ultraviolet region is
higher than its value in the visible region, which
indicates that the films are transparent in the visible
region. For all samples, the extinction coefficients are
almost constant and uniform, which shows that the
annealing of the samples are well done and the

samples are more regularized after heating [23].
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Figure 4. (a) Extinction coefficient, and (b) refractive index versus
wavelength for the samples with different deposition rates, after
annealing at 400 °C.

The refractive index is one of the essential properties
of an optical material because the refractive index is
attributed to the electron polarization of the ions and
the local field within the material [24]. The refractive
index (n) was calculated using Eq. (3), which is written
as a function of reflection (R) and extinction
coefficient (k):

"= (itg) " ((1 iRR)Z -K2),

3

The variation of refractive index versus wavelength are
shown in Fig. 4b. Their values at the absorption edge
with deposition rates of 0.2, 0.4, 0.6 and 0.8 nm/s are
2.0940.17, 2.11£0.13, 2.13+0.09 and 2.1440.15,
respectively. The high refractive index for the ZnSe
film makes it suitable for use in optoelectronic
applications [3]. Furthermore, according to Fig. 4b,
the refractive index at shorter wavelengths has a higher
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value for all samples, which may be associated with
[25]. It 1is
observed that for all samples, the refractive index has

the fundamental band gap absorption

fluctuated with decreasing wavelength, which can be
applied in infrared tools [26].

Table 1: The porosity and optical parameters of the ZnSe thin films
prepared at different deposition rates

Dep(();ﬁ:j(;l; e (at absorpriion edge) Porosity E, (€V)
02 2.0940.17 0.5240.17 | 3.98+0.01
0.4 2.1140.13 0.73+0.26 3.8610.01
0.6 2.13+0.09 0.82140.26 3.7610.01
0.8 2.144+0.15 0.65+0.28 3.71+0.01
Deposition rate € g K
(nm/s) (A=550 nm) (A= 550 nm) (A=550 nm)
0.2 0.118+0.017 3.9140.67 0.03040.002
0.4 0.05540.007 2.6510.41 0.01740.001
0.6 0.029+0.004 2.10+0.42 0.010+0.001
0.8 0.074+0.009 3.16+0.52 0.021+0.001

The refractive index of the films has a direct effect on
the porosity of the films. The porosity of the films is
obtained by using Eq. (4) [27]:

" L n®—1
orosity = (1 — )
porosity o

C))

In this equation, n is the refractive index, ng is the
refractive index of pore-free ZnSe where its value is
2.67 [9]. The results of the calculations are presented
in Table 1. The porosity of the sample with a
deposition rate of 0.6 nm/s is the highest porosity of
the films which can show a smaller packing density in
this sample. The dielectric constant was calculated in
ZnSe thin films according to the following equations:

)
(6)

g =n?—k?
& = 2nk.

The lower dielectric constant values can lead to
induction polarization in material [12]. In the above
equations, &; and ¢ are real and imaginary parts of the
dielectric constant, respectively. The variations of the
real dielectric constant as a function of wavelength for
annealed samples at various deposition rates are shown
in Fig. 5. As can be seen, the real dielectric constant
with increasing deposition rate up to 0.6 nm/s
decreases and thereafter increases.



Journal of Interfaces, Thin films, and Low dimensional systems 4 (1) Summer and Autumn (2020) 347-356

- +--0.2 (nm/s)
- 4 - 0.4 (nm/s)
104 - - - 0.6 (nm/s)|
- = -038 (nm/s

T T T T T
400 500 600 700 800 900
A {nm)

Figure 5. Variation of the real dielectric constant versus the
wavelength for samples with different deposition rates.

The values obtained for dielectric constants at 550 nm
are shown in Table 1. The real part of the dielectric
function reflects the permittivity of the material lattice
and the imaginary part is related to the absorption.

In addition, the optical band gap energy was
determined based on the derivation of the absorption
spectrum fitting (DASF) method. The absorption
coefficient (a(1)) can be written in terms of A by the
following equation [28]:

a(A) = B(hc)™ 12 11y 7)
A2,

where Ag, B, h, ¢, and m are the wavelengths attributed
to the energy gap, a constant, Planck’s constant, the
velocity of the light, and the optical transition index of
charge carrier, respectively. We can substitute 4 =§

(v is the light frequency) in Eq. (7) and after some
simplifications, we obtain the following equation:

a(D)hv = B(hv — hyy)™, (8)
and then:
In(ahv) = InB +m ln(hv - Eg). 9

By differentiating both sides of Eq. (9) with respect to
hv gives:

d{ln(ahv)} m
d(hv) — (hv—Ey)’

(10)

d{in(ahv)}
d(hv)
is clear that this plot has a discontinuity in a certain

The plot of versus hv is shown in Fig. 6. It

amount of energy, which is the band gap energy (hv =
Eg). The band gap values of the samples are presented
in Table 2. As can be seen, the energy gap decreases
from about 3.98+0.01 to 3.711+0.01eV with increasing
the deposition rate, which is probably due to the
increase of the crystallite size and effect of quantum
confinement [29]. The range of optical band gap in
our samples is well matched to the optical band gap of
ZnSe thin films grown by the chemical bath deposition
(CBD) method [30].
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Figure 6. Discontinuity plot of versus hv for the ZnSe

The relationship between the refractive index (n) at
the absorption edge and the energy band gap of the
films can also be investigated according to the Herve—
Vandamme model as [31]:

S 11
n= MG e (11

According to this model, n? is directly proportional
to (Eg + 3.47)72. Fig. 7 shows that the variation of n*
follows this model well. As can be seen, the refractive
index trend at the absorption edge is inversely
proportional to the optical band gap trend. Similar
behavior is also observed in ZnSe layers fabricated by
the chemical bath deposition method (CBD) [30]. It is
also well known that the nonlinear optical
susceptibility (y*) is inversely related to the energy
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band gap and therefore increases with decreasing the
energy band gap [32]. According to the literature,
materials with higher ¥ and lower E, are suitable
options and promising samples in optical device
manufacturing and different applications such as fast
optical switching devices, optical limiting, and high-
speed communication devices [33].
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Figure 7. Variations of n? as a function of (Eg + 3.47)72.

3.1 Microstructural properties

The structural and microstructural properties of ZnSe
thin films, such as the lattice constant, crystallite size,
strain, and dislocation density, were also investigated
with different deposition rates. In order to specify the
mechanisms and determine the structure of these films,
the XRD pattern was prepared (see Fig. 8). By
studying the XRD analysis of samples, the peaks
intensity at the angles of 27.16°, 45.30°, and 53.21° are
related to preferential orientation of the planes (111),
(220), and (311), respectively. In addition, by
increasing the deposition rate, another peak is created
at 72.67°, which indicates the reflection of the (331)
plane. Ion et al. [34] have observed similar peaks for
ZnSe films deposited by the Rf-sputtering method.
The peaks are in good agreement with JCPDS card No.
37-1463 and the XRD results show that these films
crystallize in the cubic structure.
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Figure 8. The XRD patterns of the ZnSe samples with different
deposition rates.

The crystallite size (D) is also calculated with the help
of XRD pattern data using the Williamson-Hall
formula from the following equation [35]:
kA )
B cosb = 5} + 4¢5sinb, (12)
where A = 1.54056 A, K is a shape factor which is 0.9
for spherical grains, S is the full width at half
maximum (FWHM) in radian, Bragg’s diffraction
angle (0) of XRD peak is in degrees, and ¢ is the
strain. The relationship between [ cos® and sin® for

the samples grown at different deposition rates is
shown in Fig. 9.
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Figure 9. Relationship between [ cos® and sin® for different
samples.

Since a good linear relationship was observed, the
strain and crystallite size can be attained from the
slope and y-intercept of the linear relationship between
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[ cosb and sinB. Also, the lattice constant (a) for the
cubic lattice of ZnSe can be obtained from the
following equation [30]:

a=dJh2+k?+12, (13)

where h, k, and 1 represent the Miller’s indexes and d is
the lattice spacing. The dislocation density (§) which
is defined as the length of dislocations lines per unit
volume of the crystal is calculated from the fallowing
relation [36]:

1
23 < €% >2
= — (10)
b<D>

where Burgers vector (b) is equal to %5 The structural

properties of the thin films of ZnSe with four different
deposition rates (0.2, 0.4, 0.6, and 0.8nm/s) for the
preferential orientation of (111) are given in Table 2.

Table 2: Structural and microstructural properties of ZnSe films
with different deposition rates.

Distance Lattice crystallite . Dislocation
L. between L Strain (g) .
Deposition planes (d) constant size (x10%) density (3)
4 2
rate (nm/s) A1) (&) (a) (A) (D) (nm) (x10™) (nm™)
0.2 3.27740.063 | 5.67£0.11 | 21.6f1.1 | 2.89+0.04 9.43£0.79
04 3.27140.086 | 5.66+0.15 | 28.3+1.4 | 1.80+0.04 4.49+0.36
0.6 3.265+0.075 | 5.65£0.13 | 34.6+£1.8 | 1.14+0.04 2.33£0.25
0.8 3.27740.092 | 5.67£0.16 | 42.9+2.3 | 0.61+0.02 1.00£0.11

By increasing the deposition rate from 0.2 to 0.6 nm/s,

the distance between the planes (111) and the value of
the lattice constant decreases and thereafter increases.
Among these samples, the sample grown with a
deposition rate of 0.6 nm/s is closer to ZnSe bulk
lattice constant (5.65 A). For comparison, the lattice
constant values for the samples are in good agreement
with the ZnSe thin films grown by the electron beam
deposition technique [37].

The dislocation density and strain reduce with the
deposition rate. The plot of the dislocation density and
the crystallite size versus the deposition rate is shown
in Fig. 10. As can be seen, the dislocation density
decreases almost linearly by increasing the deposition
rate. The crystallite size increases linearly with an
increase in the deposition rate.

The results demonstrated that the deposition rate plays

an important role in the microstructural properties of
ZnSe films, and the crystallinity of the film can be
controlled by choosing a suitable deposition rate. A
typically SEM image of a ZnSe sample with a
thickness of 250 nm and deposition rate of 0.6 nm/s is
shown in Fig. 11. According to this image, the average
size of grains is about 64 nm (calculated with
software), which perfectly confirms the Nano-structure
of the sample.
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Figure 10. Dislocation density and the crystallite size versus

deposition rate.
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Figure 11. SEM image of the sample with deposition rate of 0.6
nm/s.



Momeni et al./ Journal of Interfaces, Thin films, and Low dimensional systems

4 Conclusions

The ZnSe thin films were deposited on the glass
substrate with the thermal evaporation method. The
optical parameters of the thin films are generally
different from the bulk of the same material. This
difference in optical parameters is strongly dependent
on the growth conditions of the film. The dependence
of the optical and microstructural properties of ZnSe
films on the deposition rate was studied and the optical
constants of the samples were determined. By
increasing the deposition rate between 0.2 and 0.8
nm/s, the refractive index at the absorption edge was
changed from 2.09140.17 to 2.144+0.15. The results
showed that the refractive index and band gap energy
had an inverse behavior. From the microstructure
analysis, it could be concluded that ZnSe films
crystallize in a cubic structure, and the dislocation
density and crystallite size almost linearly change with
the deposition rate. Also, the dislocation density
decreased from (9.4340.79)x10* to (1.004+0.11)x10™*
(nm?) by increasing the deposition rate. The surface
morphology of the films was determined by SEM,
which demonstrated the nanostructure of the sample
with a deposition rate of 0.6 nm/s. Finally, as a
consequence, the deposition rate has a key role in
controlling the optical and microstructural properties
of ZnSe thin films, and it is necessary for developing a
deeper understanding of the performance of devices
utilizing these layers.
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