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Abstract The nanocrystalline ZnS semiconducting thin
films of 500 nm thickness have been deposited on glass
substrate at different substrate temperatures (7;) by thermal
evaporation technique. The structural property of deposited
thin films has been measured by X-ray diffraction, scan-
ning electron microscopy, and Energy dispersive analysis
of X-ray. The electrical and optical properties of thin films
have been determined by D.C. two point probe and ultra-
violet visible spectroscopy measurements. The X-ray
diffraction patterns show that thin films have cubic struc-
ture. The electrical resistivity of thin films has decreased
from 0.36 x 10° to 0.15 x 10° Q cm as substrate tem-
perature increases from 300 to 400 K. It shows that films
have semiconducting in nature. The grain size and elec-
trical conductivity of the thin films have increased as the
deposition temperature increased while dislocation density,
activation energy, and band gap decreased. The minimum
band gap 3.43 eV has been found.

Keywords ZnS films - Grain size - Dislocation density -
Electrical resistivity - Band gap - Activation energy

Introduction

The nanocrystalline zinc sulfide (ZnS) semiconductor has
attracted much attention from the viewpoint of fabrication
of many optoelectronics devices because of their unique
properties such as quantum size effect [1, 2] and abnormal
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luminescence phenomenon [3-5]. The non-stoichiometry is
responsible for conductivity in thin film which is created
during deposition of thin films. In recent years, advances in
formation of nanometer-sized materials continuously un-
abated and it show that more exciting opportunities are
laying ahead if size of crystal structure can be scaled down
to nanometers. The semiconductor zinc sulfide belongs to
II-VI group in periodic table which has large energy band
gap (3.72-3.77 eV) and cubic structure in the ultra-violet
visible (UV)-region. Due to these wide band gap materials,
it is suitable for use in the blue light-emitting diodes [6],
optoelectronics devices such as electron luminescent dis-
play [7], cathode luminescent display [8], and multilayer
dielectrics filters [9]. The ZnS semiconductor exists in two
phases, i.e., cubic phase (sphalerite) and hexagonal phase
(wurtzite). The exciting binding energy (38 MeV) of ZnS
is higher than thermal energy (25 MeV) at room tem-
perature which can show excitonic emission. For the fab-
rication of optoelectronics devices to need high
conductivity, high mobility, and low band gap. Many
growth techniques have been adopted to prepare ZnS thin
films, such as sputtering [10], pulsed-laser deposition [11],
metal organic chemical vapor deposition [12—15], electron
beam evaporation [16], photochemical deposition [17],
chemical bath deposition [18], and thermal evaporation
technique. Among these methods, the thermal evaporation
technique is the most interesting technique because the
advantages of this technique have high stability, high re-
producibility, high deposition rate, large area deposition,
and non-expansive. This technique provides economical
and efficient use of evaporate material enabling constant
rate of deposition. The aim of the present study is to in-
vestigate the effect of substrate temperature on the struc-
tural, electrical, and optical properties of ZnS thin films
deposited on glass substrate by thermal evaporation
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technique. We also studied its variation with substrate
temperature.

Experimental
Chemicals

For the preparation of non-stoichiometric semiconducting
ZnS thin films, the material used as source is zinc sulfide.
All chemicals were purchased from Alfa Aesar, Ltd. USA,
which have a high purity of 99.99 %.

Substrate cleaning

The substrate cleaning plays an important role in the de-
position of thin films, so commercially available glass
substrates with the size of (75 mm x 25 mm x 1 mm)
were washed in detergent then in chromic acid and finally
washed with double distilled water in ultrasonic cleaner
and dried at 400 K in an oven.

Preparation of ZnS thin films

The nanocrystalline ZnS thin films of 500 nm thickness
have been deposited on well-cleaned glass substrates at
different substrate temperatures (7, = 300-400 K) by the
thermal evaporation technique. The films were fabricated
under vacuum of 10~*~107> Torr. The zinc sulfide is used
as the source material. The stoichiometric starting/source
materials (ZnS) were taken in molybdenum boat and
evaporated in vacuum (~ 107> Torr) in the vacuum sys-
tem equipped with liquid nitrogen trap. The source ma-
terials were kept at the distance of 120 mm from the
substrate holder in vacuum chamber. The film deposition
rate (2.0—15 nm/s) was adjusted by changing the electrical
current. The deposition rate was measured by digital film
thickness monitor using a quartz crystal sensor set at
6 MHz (DTM-10). Initially, substrates were not exposed
to vapor stream by using shutter, and after obtaining
constant rate of evaporation, the shutter was opened.
During deposition of thin film, substrate was placed nor-
mal to the line of sight from the evaporation surface at
different polar angles to obtain uniform deposition. The
source material about 30 mg was used for the deposition
of each thin film. In each cycle of deposition, fresh source
material was kept in molybdenum boat. The film thick-
ness and deposition rate were measured by film thickness
monitor (FTM, VICO, DTM-10) with quartz crystal sen-
sor vibrating at a frequency 6 MHz. The sensor of FTM
was attached parallel to the substrate. The substrate
temperature was measured using digital temperature
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meter (PTS-9601: GELCO) that was attached with ther-
mocouple sensor. The tip of the thermocouple sensor was
in contact with the surface of substrate. The different
substrate temperatures were obtained by changing the
current of substrate heater.

Characterization of thin films
Structural characterization

The X-ray diffraction (XRD) patterns of deposited thin
films have been recorded by Rigaku diffractometer using
graphite-filtered CuKo,; radiation (4 = 1.54 A) at 40 kV,
100 mA with a scanning rate of 3°/min (20 = 20°-60°).
The composition of deposited films was analyzed using
scanning electron microscope, with attached energy dis-
persive analysis of X-rays (EDAX). The surface mor-
phology of thin films was studied by scanning electron
microscopy measurement. The crystallite size and dislo-
cation density of deposited thin films were calculated by
using Debye—Scherrer’s formula [19].

0.94)
~ B cosO

(1)

Dislocation density = (2)
where A is wavelength of radiation used, 6 is diffraction
angle of the concern diffraction peak, f§ is the full width at
half maximum (FWHM) of the diffraction peak corre-
sponding to a particular crystal plane.

Ev

Electrical characterization

The electrical resistivity and conductivity of semicon-
ducting ZnS thin filmswere measured by using the D.C.
two point probe method. The electrical resistivity and
conductivity of thin films were determined by the follow-
ing equation [20].

p = poexp (%) 3)

where p is resistivity, K is Boltzmann constant, and T is
absolute temperature.

Optical characterization

The optical absorption spectra were recorded by a shi-
madzu double beam double monochromator spectropho-
tometer (UV-2550) in the wavelength range of 300-—
1500 nm at room temperature with unpolarized radiation
on thin films which were deposited on the glass substrate at
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different substrate temperatures. The absorption coefficient
(o) was calculated for deposited thin film in the region of
strong absorption using the relation [21].

oc:# 4)

d{ln(7)}’
where « is absorption coefficient at particular wavelength,
T the transmittance at same wavelength, and d is film
thickness.
The direct band gap of thin film has calculated by using
Tauc relation [20].

ahv = A(hv — Eg)" (5)

where hv is photon energy, E, is band gap, A is constant,
and n = Y2 for direct band gap material.

Results and discussion
Structural analysis of thin films

The X-ray diffraction patterns of the deposited semicon-
ducting ZnS thin films are shown in Figs. 1, 2, 3, 4 and 5.
The XRD measurement reveals that the nanocrystalline of
ZnS thin films is in cubic structure. The cubic phase of the
crystals has identified from the agreement of peak position
with standard JCPDS data card no. 65-1691. The nano-
crystals of ZnS have different planes (111), (220), and
(311) with preferential orientation along (111) plane. Fig-
ures 1, 2, 3,4, and 5, show that intensity of XRD peaks was
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Fig. 1 X-ray diffraction pattern of ZnS thin film at 75 = 300 K

increased with the increase of substrate temperature
300-400 K. This indicates that a full width half maximum
(FWHM) of diffraction peaks was decreased. For this,
particle size of deposited film was increased with the in-
crease of substrate temperature. Figure 1 shows that low
grain size and high dislocation density while Fig. 5 has
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Fig. 2 X-ray diffraction pattern of ZnS thin film at 7y = 323 K
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Fig. 3 X-ray diffraction pattern of ZnS thin film at 7y = 350 K
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Fig. 4 X-ray diffraction pattern of ZnS thin film at 7y = 373 K
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Fig. 5 X-ray diffraction pattern of ZnS thin film at 7y = 400 K

highest grain size and lowest dislocation density. Thus,
crystallinity is improved with the increase of substrate
temperature. The experimental and standard d values of
ZnS materials are given in Table 1. The calculated grain
size and dislocation density of thin films are given in
Table 2.

’r @ Springer

Table 1 Experimental and Standard d values

(hkl
plane

Standard .
d value (A)

S. no Experimental

d value (10\)

111 3.117
220 1.912
3 311 1.629

3.123
1.912
1.633

From the EDAX, films were non-stoichiometric with the
composition Zn = 52.46 % and S = 47.54 %. There were
small differences between composition of Zn and S in films
and source material nearly equal to 1 %.

The variations of grain size or particle size (nm) and
dislocation density of semiconducting thin films with dif-
ferent substrate temperatures are shown in Fig. 6. It was
cleared from Fig. 6; the grain size of the films have been
increased from 36.12 to 43.82 nm as the substrate tem-
perature increased from 300 to 400 K while dislocation
density decreased from 0.76 x 10" to 0.52 x 10" line/
m?. The maximum grain size 43.82 nm and minimum
dislocation density 0.52 x 10'° line/m* have been ob-
tained and its value nearly saturated above at 400 K. This
indicates that the growth in grain size was constant above
the temperature 400 K. The highest grain size of thin film
indicates the highest conductivity and lowest resistivity of
film. Thus, crystallinity of thin films has improved with the
increase of substrate temperature. This may be due to
collapse of nano-particles with each other and decrease
crystal defects in thin films at higher substrate temperature.

The maximum grain size 43.82 nm and minimum dislo-
cation density 0.52 x 10" line/m” have been observed for
the ZnS thin film deposited at temperature 400 K whereas
Haque et al. [22] have reported the grain size of 34.08 nm
and dislocation density 0.86 x 10" line/m? for ZnS thin
films by R F Magnetron sputtering. Borah et al. [23] have
reported the grain size 7.0 nm for ZnS crystal by a chemical
route method. Chauhan et al. [24] and Lu et al. [25] have
reported the grain size 4.0 and 3.0 nm, respectively, for ZnS
nanoparticles by chemical precipitation method.

The surface morphology of ZnS thin films is shown in
Figs. 7, 8, 9, 10, and 11. It was cleared from Figs. 7, 8, 9,
10, and 11 that the fabricated thin films were homogenous,
without crack and pin holes. In scanning electron micro-
graph as shown in Figs. 7, 8, 9, 10 and 11, crystal or grain
size has been increased with the increases of substrate
temperature from 300 to 400 K. The grain size was lowest
while dislocation density and strain were highest in Fig. 7.
The grain size in Fig. 11 was highest while dislocation
density and strain were lowest at 400 K than other surface
micrographs. This is a good agreement with X-ray
diffraction of thin films.
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Table 2 Structural, electrical, and optical parameters
Substrate temperature ~ Structural parameters Electrical parameters Optical
(T,) (K) parameters
Grain size  Dislocation Resistivity x 10®  Conductivity x 107®  Activation Band gap
(nm) density x 10" line/m? (Q cm) (1/Q cm) energy (eV) eV)
300 36.12 0.76 0.36 2.77 1.24 3.52
323 39.64 0.63 0.28 3.57 1.06 3.47
350 42.17 0.56 0.19 5.26 0.95 3.44
373 43.56 0.52 0.16 6.25 0.88 3.43
400 43.82 0.52 0.15 6.66 0.86 343
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Fig. 6 Variation of a grain size and b dislocation density with
different substrate temperatures

Electrical analysis of thin films

The calculated value of electrical resistivity, electrical
conductivity, and activation energy of thin films is given in
Table 2. The electrical resistivity of thin films decrease
with the increase of substrate temperature. This shows that
the film was semiconductor in nature. The decrease in
electrical resistivity is due to the improvement in crys-
tallinity of film as the substrate temperature was increased
from 300 to 400 K. The activation energy of semicon-
ducting ZnS thin films has been determined from slope of
log of resistivity (log p) with reciprocal of temperature
(1/T) x 10*® K. The variation of electrical resistivity and
conductivity of thin films with different substrate tem-
peratures is shown in Fig. 12.

Fig. 8 Scanning electron micrograph of ZnS film at 7, = 323 K

It is clear from Fig. 12 that electrical resistivity of film
decreased from 0.36 x 10° to 0.15 x 10° Q cm as sub-
strate temperature increased from 300 K to 400 K. The
electrical conductivity increased from 2.77 x 107° to
6.66 x 107°1/Q cm with the increase of substrate

* @ Springer
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Fig. 11 Scanning electron micrograph of ZnS film at 7, = 400 K

temperature from 300 K to 400 K. This indicates that films
are semiconducting in nature. The decrease in electrical
resistivity is due to the improvement in crystallinity of thin
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Fig. 12 Variation of a electrical resistivity and b conductivity with
different substrate temperatures

films, mobility of charge carrier, and concentration of
charge carrier with substrate temperature. The minimum
electrical resistivity 0.15 x 10° Q cm and high electrical
conductivity 6.66 x 107° 1/Q cm have been obtained at
Ts = 400 K. The value of electrical resistivity and con-
ductivity of thin films were nearly saturated above 400 K.
This may be due to increment in grain size has constant
with increase of substrate temperature.

The variation of activation energy of thin films with
different substrate temperatures is shown in Fig. 13. It is
cleared from Fig. 13 that the activation energy has been
decreased from 1.24 to 0.86 eV as the substrate tem-
perature increased from 300 to 400 K and nearly saturated
above at 400 K. This may be due to distance between va-
lence band and conductance has decreased with increase of
substrate temperature from 300 to 400 K and above 400 K,
it has constant. The minimum activation energy obtained at
T, = 400 K was 0.86 eV.

The lowest resistivity 0.15 x 10® Q cm and high elec-
trical conductivity 6.66 x 107° 1/Q cm have been found
for the ZnS thin films deposited at temperature of 400 K,
whereas Ozutok et al. [26] have reported the resistivity
0.49 x 10° Q cm and conductivity 2.05 x 107° 1/Q cm
for ZnS thin film deposited by Spray pyrolysis technique.
Ubale et al. [20] have reported the resistivity
0.18 x 10° Q cm and activation energy 1.29 eV for ZnS
thin films deposited by Chemical bath technique. Shinde
et al [27] have reported the activation energy 0.89 eV for
ZnS film deposited by chemical bath deposition.
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Fig. 13 Variation of activation energy with substrate temperature

Optical analysis of thin films

The optical absorption spectra of ZnS thin films at different
substrate temperatures are shown in Fig. 14. It is clear from
Fig. 14 that the optical absorption decreases with the in-
crease of wavelength and minimum absorption obtained at
1500 nm. The optical absorption also decreased with the
increase of substrate temperature because grain boundary
scattering was reduced with the increase of substrate
temperature.

This indicates that grain size of crystal increased with
increase of substrate temperature. This may be increase in
transmittance of thin films with substrate temperature. The
variation of (ochv)2 with photon energy (eV) is shown in
Fig. 15. The extrapolation of straight-line portion of plot
gives the value of direct band gap. Using these spectra, we
determined the band gap of ZnS thin films. The band gap
obtained was 3.49-343 eV at temperature range
350-400 K. The minimum band gap obtained was 3.43 eV
at 400 K. This shows that band gap of thin film decreased
with the increase of substrate temperature.

The minimum direct band gap (3.43 eV) has been ob-
served for the ZnS thin film deposited at substrate tem-
perature 400 K. Shinde et al [27] have reported the band
gap 3.51 eV for ZnS thin films deposited by chemical bath
deposition. Kumar et al. [28] have reported the band gap
3.50eV for ZnS thin film by vacuum evaporation
technique.
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The structural, electrical, and optical properties of de-
posited film studies support this decrease in this resistivity
due to improvement in crystallinity of the film which
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would increase the charge carrier, mobility, and decrease in
defect levels with increase in the temperature.

Conclusion

The non-stoichiometric semiconducting ZnS thin films
have been deposited on glass substrate by thermal
evaporation technique at different substrate temperatures.
The maximum grain size 43.82 nm has been obtained. The
SEM shows the agglomeration of nano-crystals. The XRD
analysis shows that films have cubic structure. The mini-
mum resistivity 0.15 x 10° Q cm and maximum conduc-
tivity 6.66 x 107° 1/Q cm of film have been obtained. The
measurement of optical absorption spectra indicates that
band gap decreased with the increase of substrate tem-
perature. The minimum band gap 3.43 eV has been
observed.
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