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Abstract

Tin-doped zinc sulfide was coated onto glass plates and subjected to a post-air annealing treatment at 300 °C for 2 h. The
air-annealed thin films were characterized for observing the tailoring in structural, surface, chemical, optical, photolumi-
nescence, and magnetic properties due to annealing. The properties of thin films after air-annealing were compared with as-
synthesized Kumar et al. (J. Supercond. Novel Magn. 32(6), 1725-1734, 2019), and vacuum-annealed Kunapalli et al. (Opt.
Mater.114, 110961, 2021) thin films. Annealing in presence of air leads to finer crystallite structures of ZnS thin films. The
air annealing also enhanced the transmittance property of the thin films. Two prominent peaks at 420 nm and 440 nm were
observed in photoluminescence spectra. From magnetic studies, it was found that the films were paramagnetic in nature, and
magnetization increased with an increase in the applied field.
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Introduction

It has been known that the process of inclusion of mag-
netic materials into semiconductors in very small amounts is
called dilute magnetic semiconductors (DMS). These DMS
materials find application in future electronics or spintronic
devices [1, 2]. A theoretical prediction about the DMS was
given by Dietl et al. [3]. Currently, high importance has been
given to II-VI semiconductor thin films which have the abil-
ity to exhibit ferromagnetism at room temperature [4—6].
Among them, zinc sulfide (ZnS) has been one of the most
important wide bandgap semiconductors. The interesting
feature of ZnS is when a small quantity of impurity ions is
added to the host semiconductor, a change in optical, electri-
cal, and magnetic properties has been observed.
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The transition metal ion-doped ZnS thin film has been
studied by many research groups as its peculiar properties
find in many spintronic and storage applications [7-11].
Generally, in dilute magnetic semiconductors, the host ions,
i.e., cations, are partially substituted by impurity ions and
these impurity ions would have been randomly confined
over the host lattice. Moreover, the Curie temperature for
II-VI semiconductors has been reported to be very near to
room temperature. So, room temperature ferromagnetism in
these semiconductors has been attained by adding suitable
impurities or suitable doping concentration or specific syn-
thesis method [12]. ZnS observed half metallic behavior by
reporting magnetic behaviors like ferromagnetic and antifer-
romagnetic in presence of chromium, iron and nickel in the
lattice of ZnS [13-15].

Annealing of thin films led to strengthening and enhanc-
ing the properties of the films. The thin films were formed
by the process of nucleation and growth of the molecules
on the substrate. Annealing has been used on thin films
as post-synthesis treatments. They have been used to tai-
lor the physical properties of thin films. It has been found
that annealing at different atmosphere had shown differ-
ent influences on various thin films. Annealing at different
atmosphere might generate more vacant sites of the halides.
The increase in the number of vacant sites could lead to
enhancement in the optical and magnetic properties of dilute
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magnetic semiconductors. As annealing in presence of dif-
ferent atmosphere might lead to change in the growth of the
crystallites and might also affect the number of vacant sites,
the influence of them on the properties had been studied
in detail for various dilute magnetic semiconductors. One
more significance of studying the influence of annealing at
various atmospheric condition on the thin films, could help
to predict the nature of the film at various seasons in earth.
A spintronic device should be able to work efficiently at
all seasons, so the influence of weather condition on the
thin film could be checked by annealing them in different
atmospheres.

ZnS has been well known for its spintronic applications
and so the influence of dopant after annealing in air and
vacuum environment needs to be compared. A spintronic
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Fig. 1 a X-ray diffraction patterns of the air annealed Zn,_,Sn,S thin
films. b X-ray diffraction patterns of the air annealed Zn,_,Sn,S thin
films in 20 range of 27 to 30°
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device has its backbone on the optical and magnetic prop-
erties of the thin films or nanoparticles. And annealing at
optimized temperature could strengthen the bonds in the
thin films leading to increased adhesivity, finer crystallite
size, and strong bonding. It would also lead to increase in
the number of vacant sites leading to increase in charge
carriers for optical conductivity and magnetic properties.
The magnetic properties in ZnS had been reported as fer-
romagnetic only when there had been presence of sulfide
vacant sites.

Previously, the role of dopants and vacuum annealed on
the physical properties of transition metal doped ZnS thin
films were reported in detail [16—19]. As very few reports
have been available on the role of air annealing on magnetic
properties of doped ZnS thin films, here we have aimed to
study the effect of air annealing on the structural, optical,
photoluminescence, and magnetic properties of Sn-doped
ZnS thin films prepared by electron beam evaporation
technique.

Experimental details

Before annealing, the nanoparticles and thin films of tin
doped ZnS composition were prepared and reported in
earlier publications [16, 17]. Then, the prepared thin films

Table 1 Comparison table of structural parameters between as-depos-
ited, vacuum annealed, and air annealed Sn-doped ZnS thin films

Average crystallite size (nm)

Zn;_,Sn,S As synthesized [17] Vacuum annealed Air annealed

[19]

x=0.00 20 20 8.7
x=0.02 27 23 10.7
x=0.05 25 12 8.3
x=0.08 12 26 11.97

Lattice parameter (1&)

Zn;_Sn S As synthesized [17] Vacuum annealed Air annealed

[19]

x=0.00 5.27 5.38 5.37
x=0.02 5.29 5.36 53

x=0.05 5.32 5.32 5.32
x=0.08 5.36 53 5.32

Strain (x 1074

Zn;_Sn,S As synthesized [17] Vacuum annealed
[19]

Air annealed

x=0.00 18 40 47
x=0.02 13 24 50
x=0.05 14 50 57
x=0.08 32 23 50
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were annealed in presence of air at 300 °C to study the
role of air annealing on the physical properties of tin-
doped ZnS thin films. The air annealing was performed
by keeping small pieces of 3 cm X 3 cm dimension of thin
films in horizontal furnace. The thin films were posi-
tioned to be at the middle of the horizontal furnace to
heat it in air at 300 °C for 2 h. Then, the air annealed
films were characterized by X-ray diffractometer using
BRUKER- D8 ADVANCE model, JASCO V-670 model of
UV-Vis-NIR spectrophotometer and Hitachi F700 model
of Fluoroscence spectrophotometer. The air annealed
films were characterized by Lakeshore 7410 model of
vibrating sample magnetometer.
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Results and discussions
Structural properties

The structural properties of air annealed thin films were
analyzed from the diffraction pattern as shown in Fig. 1a
obtained from X-ray diffractometer. The diffraction pat-
tern reported three peaks at positions 28.6°, 47.6°, and
56.6°. The respective miller indices for those peaks are
found tobe (1 1 1), (220), and (3 1 0). The miller indices
were obtained by comparing the obtained pattern with the
zinc blende structured JCPDS pattern of #08—0020 [20].
Fityk software has been used to fit the patterns. A small
shift in diffraction peak was observed with increase in Sn
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Fig. 2 a Optical absorbance spectra of air annealed the Zn,_,Sn,S thin films. b Optical reflectance spectra of air annealed the Zn,_,Sn,S. ¢ Opti-
cal transmittance spectra of air annealed the Zn,_ Sn_S thin films. d Plots of (hv) Vs (ahv)?of the air annealed Zn,__Sn_S thin films
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concentration as shown in Fig. 1b. The average crystallite
size for the annealed thin films was calculated using the
Scherrer’s formula. The air annealed thin films attained
a size of 8 to 12 nm for increasing dopant concentration.
But the average crystallite size of air annealed thin films
was found to be the least compared to as-deposited and
vacuum annealed thin films reported earlier [17, 19]. The
finer average crystallite size was observed for air annealed
thin films due to the slow heating and cooling mecha-
nism exhibited during annealing in presence of air. The
micro strain in air annealed thin films was calculated to
increase from 47 x 10™* to 50 x 10~*. Thus, the anneal-
ing in presence of air leads to increase in the strain of
the nanoparticles deposited on glass compared to the thin
films annealed in vacuum [19] and unannealed thin films
[17]. In air annealing, the thin films were heat treated in
presence of air molecules. Thus, in presence of air mol-
ecules, the heating of the thin films would have taken some
more time. As the deposition was already done on the
glass plate, this meant that the nucleation of Sn-doped ZnS
molecules was already completed. On heat treating them,
the growth of the nanoparticles would have been changed
due to change in temperature gradient. While annealing
in presence of vacuum, the thin films were heated in the
absence of any kind of molecules, so the heat would have
remained for longer duration on the thin films, then cool-
ing. This would lead to a slow change in temperature gra-
dient. It has been known that growth of nanoparticles has
been always inversely proportional to the rate of change in
temperature gradient. Also, the annealing in vacuum might
lead to instability of structure. But in case of annealing
in presence of air, the cooling had occurred faster. So, in
air annealing, the temperature gradient had changed very
quickly leading to hinder the growth of the nanoparticles.
So, the films annealed in air attained the finest crystal-
lites compared to vacuum annealed and as-deposited thin
films as shown in Table 1 with other physical parameters’
comparison.

Optical properties

The optical absorbance, reflectance, and transmittance
spectra of the Zn,_,Sn,S thin films were reported in
Fig. 2a—d. The optical properties of the corresponding
thin films annealed in vacuum and as-deposited films
were discussed earlier in previous reports [17, 19]. The
graph plotted between wavelength (nm) verses trans-
mittance (%) for different Sn-doped ZnS thin films has
been shown in Fig. 2¢. From the figure, one can see that
the annealed thin films exhibited high optical transmit-
tance (~90%). The increase in optical transmittance with
annealing temperature was reported by Sara A Mohamed
et al. [20] in thin films. The thin films that exhibit high
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optical transmittance find suitable applications in solar
cells. Tauc’s relation [21] was used for determining the
optical band gap as shown in Fig. 2d. The optical band
gap of the air annealed thin films was found to increase
from 3.4 eV to 3.45 eV. On comparing these with the
optical band gap of as-deposited Sn doped ZnS [17] and
vacuum annealed Sn doped ZnS thin films [19], it was
found to be slightly decreased. But no significant change
in the optical band gap was observed due to the anneal-
ing in air. The decreasing optical band with doping con-
centration was previously reported in manganese-doped
zinc sulfide thin films [22]. The band gap in the range
of 3.4 to 3.45 eV with high visible region transmittance
increased the probability of using air annealed films to
act as buffer layer in solar cell as observed in ZnSe thin
films [23].

Photoluminescence studies

The emission spectra for air annealed Sn-doped ZnS thin
films were analyzed from photoluminescence spectra as
shown in Fig. 3. A source with an excitation wavelength
330 nm was used and emission peaks were observed at
420 nm and 440 nm for all air annealed thin films. Thus,
no significant shift in emission spectra was observed after
annealing in air compared to annealing in vacuum [19].
Thus, the air annealing did not significantly affect the defects
in the thin films. It was considered that the peak at 420 nm
and 440 nm might be due to vacancies of sulfur ions and zinc
ions, respectively [16].
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Fig.3 Photoluminescence spectra of air annealed Zn,_Sn.S thin
films
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Fig.4 M-H loops of air annealed Zn,_,Sn S thin films

Magnetic properties

The magnetic property of tin-doped zinc sulfide annealed in
air showed the paramagnetic nature as shown in Fig. 4. Simi-
lar to the magnetic properties of vacuum annealed Sn-doped
ZnS thin films [19], the paramagnetic nature has been reported
due to the decrease in sulfur defect. The maximum magnetiza-
tion decreased from 4 memu/g to 2 memu/g on increasing the
dopant concentration. Decrease in the coercivity and retentiv-
ity values were observed for the air annealed films from 60.98
Oe to 14.5 Oe and 22.2 pemu/g to 1.5 pemu/g, respectively.
The narrowing of band gap and decrease in average crystal-
lite size on annealing in presence of air did not induce the
ferromagnetic property in the thin films. This has occurred,
as the sulfur vacancy was not created even after air annealing
to undergo superexchange interaction in the thin films. So, the
annealing treatment did not significantly change the behavior
of spins leading to Sn-doped ZnS showing paramagnetic prop-
erty even in presence of air.

Conclusions

The influence of air during annealing of Sn-doped ZnS thin
films in their physical properties was studied in detail. The
structural properties showed an enhancement in the average
crystallite size behavior of air annealed thin films compared
to vacuum annealed and as-deposited thin films. With the
finer crystallite size of about 8 to 12 nm, the air annealing
led to decrease in the crystallite sizes. A decrease in optical
band gap was found for the Zn,_,Sn, S when compared with
that of optical band gaps of the as prepared thin films. The
Zn,_Sn S exhibited paramagnetic behavior at room tem-
perature which might be due to absence of any secondary
phases or vacancies in the air annealed thin films.
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