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Abstract

Ar-ion-implantation to a dose of 1 x 10!” jons/cm? was performed on cubic Zn$ thin films with (111) preferred orientation deposited
on fused silica glass substrates by vacuum evaporation. After ion implantation, ZnS films were annealed in flowing argon at different
temperatures from 400 to 800 °C. The effects of ion implantation and post-thermal annealing on the structural and optical properties of
ZnS films were investigated by X-ray diffraction (XRD), photoluminescence (PL) and optical transmittance measurements. XRD reveals
that the diffraction peaks recover at ~500 °C. The optical transmittances show that the bandgap of ZnS films blueshifts when annealed
below 500 °C, and redshifts when annealed above 500 °C. PL results show that the intrinsic defect related emissions decrease with
increasing annealing temperature from 400 to 500 °C, and increase with increasing annealing temperature from 500 to 800 °C.
The observed PL emissions at 414 and 439 nm are attributed to the transitions of Zn;— Vz, and Vg— VBM, respectively.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Zinc sulfide (ZnS), an important II-VI semiconductor with
a variety of good physical and chemical properties, is suitable
for many applications like thin film solar cells, light emitting
diodes and electroluminescent devices [1-3]. Up to now,
many techniques have been developed to synthesize high-
quality ZnS films, such as radio frequency (RF) magnetron
sputtering, molecular beam epitaxy, pulsed laser deposition,
chemical vapor deposition, chemical bath deposition and
vacuum evaporation [4-8]. Among them, the vacuum eva-
poration technique is the more convenient way to prepare
ZnS thin films.

For special applications, ZnS must be doped with proper
impurity elements. Ion implantation, especially in the semi-
conductor industry, is a widespread tool for doping semicon-
ductors. It has been used to fabricate n- and p-type ZnS [9,10].
The advantages of ion implantation are the lateral selectivity
of the sample area and doping depth as well as an accurate
dose control. In principle, every element from the periodic
system can be implanted, which makes it a multipurpose and
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flexible tool for doping semiconductors. However, undesirable
side effects are the implantation-induced damage and its
effects on the structural, optical and electrical properties of
the semiconductor. To eliminate the undesirable side effects
induced by ion implantation, thermal annealing and laser
annealing are usually adopted. Though some efforts have been
made to dope ZnS for special purposes by ion implantation,
ion-beam-induced damage and its effects and elimination by
thermal annealing are not clear. In addition, as a well-known
phosphor, the photoluminescence of ZnS has received wide
attention in recent years. However, the mechanism of the
photoluminescence of ZnS is still under debate, especially for
the defect-related blue emissions in the visible region [11-13].

In this work, ZnS films were prepared with a conventional
vacuum evaporation method. In order to investigate the ion-
beam-induced damage and its effects and elimination by
thermal annealing, we perform Ar-ion-implantation on the
ZnS films to avoid the effects induced by the incorporation of
implanted element in ZnS lattice. The Ar-implanted ZnS
films were annealed in flowing argon at different tempera-
tures from 400 to 800 °C. The effects of ion implantation and
post-thermal annealing on the structural and optical proper-
ties were studied.
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2. Experimental

ZnS thin films were deposited on fused silica glass
substrates by the vacuum evaporation method. Before
deposition, the substrates were first ultrasonically cleaned
in acetone for 10 min to remove the organic contamination
on the surface, and then washed in deionized water for
5 min. Subsequently, the substrates were again ultrasoni-
cally cleaned in alcohol for 10 min to further remove the
surface contamination and were washed by deionized
water for 5 min. Then the substrates were rinsed in HF
(5 at%) solution for 5 min to remove the surface oxide.
Finally, the substrates were washed in deionized water for
5 min and dried in thermal floating air. The substrates were
then transferred into the vacuum chamber, which was
pumped to about 1x107*Pa with a combination of
mechanical pump and diffusion pump. To further remove
the absorbed gas and residual contamination on the
substrate surface, the substrates were heated for 10 min,
and then high-purity ZnS powders on a tungsten crucible
were heated by Joule’s effect. ZnS films were deposited at a
substrate temperature of 200 °C.

The as-prepared films were subjected to Ar ion implan-
tation at 56 keV to a dose of 1 x 10'” jons/cm?. After ion
implantation, Ar-implanted films were annealed in flowing
argon at different temperatures from 400 to 800 °C for 1 h
in a quartz tube furnace.

To characterize the structural and optical properties of
ZnS films, the surface morphology was scanned using a
SPA-300HA atomic force microscope (AFM), the crystal
orientation was investigated using a PHILIPS X’PERT
PRO MPD X-ray diffractometer (XRD) with the radiation
source of CuKa, the optical transmittance was measured
using a SHIMADZU UV2550 spectrophotometer, the
room temperature (RT) photoluminescence spectra (PL)
were recorded by a SHIMADZU RF5301PC spectro-
photometer with excitation wavelength of 360 nm.

3. Results and discussion
3.1. Characterization of as-prepared ZnS films

Fig. 1(a) shows the typical AFM images of the as-prepared
ZnS films deposited on fused silica glass substrates by the
vacuum evaporation process. The minimum root-mean
square of the surface roughness is about 1.55nm. The
average grain size is ~59nm. The surface of the as-
prepared ZnS films is very smooth. X-ray diffraction patterns
of the as-prepared ZnS films are shown in Fig. 1(b). Only the
diffraction peak at 20 ~ 28.6° appears in the pattern. It is well
known that ZnS has two commonly available allotropes: one
with a zinc blende (ZB) structure and the other with a
hexagonal wurtzite (WZ) structure. Whereas the (111) peak
of ZB ZnS and the (002) peak of WZ ZnS are very close, the
cubic form is the stable low-temperature phase, while the
latter is the high-temperature polymorph which forms at
around 1296 K [14]. Therefore, the diffraction peak can be

indexed to the cubic ZnS. It can also be seen that no other
phase appears in the XRD patterns. It shows that the as-
prepared ZnS films exhibit the ZB structure with (111)
preferred orientation.

3.2. Influences of ion implantation and post-thermal
annealing

3.2.1. Structural properties

To investigate the effects of thermal annealing on the
structural properties of Ar-implanted ZnS films, the films
were annealed in flowing argon at different temperatures
from 400 to 800 °C for | h after ion implantation. Fig. 2
shows the XRD patterns of ZnS films after ion implanta-
tion and annealing at different temperatures. It can be seen
that the diffraction peak of (111) disappears from the
XRD patterns after Ar ion implantation. This implies that
the lattice of ZnS films is heavily destroyed after high-dose
ion-implantation. The disappearance of the diffraction
peak can be attributed to the ion-beam induced lattice
disorder. The Ar-implanted ZnS films were subsequently
subjected to thermal annecaling to repair the ion-beam
induced lattice disorder. It can be seen from Fig. 2 that
thermal annealing has great influences on the structural
recovery of Ar-implanted ZnS films. The results show
that the diffraction peak of (111) appears again after the
ZnS films annealed at 400 °C for 1 h, and the ZnS films still
remain ZB structure. But the intensity of (111) diffraction
peak is very weak. This suggests that the lattice of
Ar-implanted ZnS films is partially repaired. Further
annealing at 500 °C for 1 h sees a full structural recovery
of Ar-implanted ZnS films. With increasing the annealing
temperature from 500 to 700 °C, we can see that the (111)
diffraction peak is intensified, and the full width at the half
maximum (FWHM) of (111) decreases gradually. This
implies that the crystallinity of the ZnS films improves and
the grain size increases. However, the intensity of (111)
peak decreases with increasing the annealing temperature
beyond 700 °C. This may be due to the thermally induced
lattice disorder at high temperature. It is noted that the
lattice recovery of the Ar-implanted ZnS films occurs after
annealing at 500 °C for 1 h.

3.2.2. Optical properties

Fig. 3 shows the influences of Ar ion implantation and
thermal annealing on the optical transmittance of ZnS films.
It can be seen from Fig. 3 that the optical transmittance was
decreased distinctly in the visible region after Ar ion implanta-
tion. It is known that ion implantation can introduce a great
deal of point defects (such as vacancies, interstitials and
antisites) or defect complex in the host materials due to the
strong collisions between the incident ion and host lattice.
These defects usually enhance the optical absorption in the
host materials. Subsequent annealing has evident influences on
the optical transmittance of Ar-implanted ZnS films. It is
found that the optical transmittance in the visible region
increases when increasing the annealing temperature from
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Fig. 1. (a) Typical AFM image and (b) XRD pattern of as-prepared ZnS film.
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Fig. 2. XRD patterns of ZnS films after ion implantation and post-
thermal annealing at different temperatures.
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Fig. 3. Optical transmittance spectra of ZnS films after ion implantation
and post-thermal annealing at different temperatures.

400 to 500 °C. However, it decreases dramatically when
increasing the annealing temperature above 500 °C. We
think that the observed behaviors of optical transmittance
may be mainly due to the changes of defect concentrations in
ZnS films after ion implantation and thermal annealing. As
discussed in the structural analysis, a great deal of defects can
be produced during ion implantation and high-temperature

annealing. These defects serve as trapped electron centers and
can effectively affect optical absorption [15,16]. The ion-beam-
induced defects can be gradually annealed out by annealing at
400-500 °C, which results in the enhancement of optical
transmittance in the visible region, i.e. the recovery of optical
transmittance of ZnS films. However, thermally induced
defects increase dramatically during the following annealing
stage between 500 and 800 °C. This results in the increase of
the optical absorption again. It is noted that the optical
absorption in the visible region nearly recovers after annealing
at 500 °C, indicating that most of the ion-beam-induced
defects are annealed out. This is essentially in agreement with
XRD analysis.

In addition, Ar ion implantation and post-thermal anneal-
ing also have distinct influences on the optical bandgaps of
ZnS films as shown in Fig. 4. The optical bandgaps are
determined from the conventional method [17]. It can be seen
from the inset of Fig. 4 that the optical bandgap redshifts
after Ar ion implantation. Subsequent annealing between 400
and 500 °C makes the optical bandgap blueshift, while
redshift occurs between 500 and 800 °C. We also attribute
the observed behaviors of the optical bandgaps mainly to the
changes of defect concentrations in ZnS films. As mentioned
above, many defects are produced during Ar ion implanta-
tion. The ion-beam-induced defects can form a great deal of
defect states near the band edge. They cause the redshift of
the optical bandgap. Because most of the ion-beam induced
defects are annealed out by the subsequent annealing from
400 to 500 °C. We can see from Fig. 4 that the bandgap
blueshifts due to the decrease of defect concentration in
ZnS films. During the following annealing stage between
500 and 800 °C, thermally induced defects at high tempera-
tures increase dramatically, which leads to the redshift of
the optical band edge again due to the increase of defect
concentration with annealing temperatures.

As mentioned above, ion implantation and high-
temperature annealing cause structural disorders in ZnS films.
This can also be reflected in the optical absorption band tail
and can be characterized by empirical Urbach rule. The slope
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Fig. 4. Dependence of the optical bandgaps of ZnS films on ion implanta-
tion and post-thermal annealing.

of the Urbach tail (Urbach energy) characterizes the structural
disorder in the material and can be used to evaluate the defect
concentrations in ZnS films. It is known that absorption
coefficient o(A) near the band edge shows an exponential
dependence on photon energy [18]:

o) = apexp (Z—Z) , (1)
where Ej is the Urbach energy, « is a constant. Thus, a plot
of In[o(2)] versus photon energy should be linear and Urbach
energy can be obtained from the slope. (1) can be obtained
from the transmittance spectra of Fig. 3 using a simple model:
T=exp[— a(A)d], where T is the optical transmittance and d is
the thickness of ZnS films. In this work, the thickness of ZnS
films is ~800 nm measured by a OLYMPUS BXS5I inter-
ference/transmission microscopy. The dependence of In[o(4)]
on wavelength is given in Fig. 5. Urbach energy can be
calculated from the reciprocal gradient of the linear portion of
the curves in Fig. 5 and is shown in the inset of Fig. 5. It can
be seen that Urbach energy increases after Ar ion implantation
and decreases when increasing the annealing temperature from
400 to 500 °C. This indicates that many defects are produced
during Ar ion implantation and are gradually annealed out by
the subsequent annealing at 400-500 °C. Further annealing at
500-800 °C makes Urbach energy increase again, indicating
that thermally induced defects increase when increasing the
annealing temperature. Urbach energy dependence on anneal-
ing temperature agrees well with the analysis above.

Fig. 6 shows RT PL spectra of ZnS films after ion
implantation and annealing at different temperatures from
400 to 800 °C. It can be seen that all ZnS PL spectra exhibit
two broad emission peaks centered at about 414 and 439 nm.
The inset of Fig. 6 plots the dependence of the peak intensities
of 414 and 439 nm emissions on the annealing temperatures.
In this work, the ZnS films are nominally undoped. Therefore,
the observed two emissions must come from the transitions
between the intrinsic defect levels or the transitions between
the intrinsic defect levels and band edge. According to the
first-principle total-energy calculations of the native defects in
ZnS [19], we find that the transition radiations from Zn
interstitial (Zn;) to Zn vacancy (Vz,) and S vacancy (Vs) to the
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Fig. 5. Dependence of In[o(4)] on photon energy and Urbach energy as a
function of annealing temperatures.
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Fig. 6. RT PL spectra of ZnS films after ion implantation and post-thermal
annealing at different temperatures.

valence band maximum (VBM) are very close to the 414 and
439 nm emissions, respectively. Therefore, we attribute the
414 nm emission to the transition of Zn;— V, and Vgs— VBM
as shown in Fig. 7. It is known that ion implantation can
cause mainly point defects in the host materials. We can find
from Fig. 6 that the 414 and 439 nm emissions enhance after
Ar ion implantation. This implies that such intrinsic defects as
Zn;, Vz, and Vg increase after Ar ion implantation. Subse-
quent thermal annealing at temperatures from 400 to 500 °C
sees the decrease of the intensities of the 414 and 439 nm
emissions due to the annealing out of the ion-beam-induced
defects as mentioned above. However, the intensities of the
414 and 439 nm emissions enhance with further annealing at
500-800 °C. This can be attributed to the increases of
thermally induced defects at higher temperatures. It is noted
that the PL intensities nearly recover after annealing at 500 °C.

4. Conclusion

(111) preferred orientation cubic ZnS films deposited on
fused silica glass substrates are subjected to Ar ion
implantation. Ar ion implantation to a dose of 1 x 107
ions/cm? has caused structural and optical changes to ZnS
thin films. After Ar ion implantation, ZnS films still remain
single phase and ZB structure. XRD intensities and PL
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Fig. 7. The intrinsic defect levels in ZnS [19] and the possible transitions
between the defect levels.

emissions are decreased by Ar ion implantation. Through
post-implantation annealing, ion-implantation induced
defects can be effectively annealed out. The structural
and optical properties of Ar-implanted ZnS films nearly
recover at ~ 500 °C. The observed PL emissions at 414 and
439 nm are attributed to the transitions of Zn;— V , and
Vs— VBM.
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