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Abstract

The main objective of our work is to increase transmittance in the mid infrared region by removing impurities through the pre-
heating treatment of zinc sulfide (ZnS) produced by hydrothermal synthesis. The pre-heating treatment proceeded at 450 to
600 °C for 2 h under vacuum atmosphere (10> Torr). It was confirmed that the particle size increased as the pre-heating
temperature increased. Additionally, all ZnS nano powders had a sphalerite (cubic) structure unaffected by pre-heating treatment.
The ZnS nano powders were sintered by hot-press sintering method. As the pre-heating temperature increased, transmittance was
improved due to the decreasing of porosity, increase of particle size, and the removal of impurities (carbon and sulfate). However,
when the pre-heating treatment temperature was 600 °C, the transmittance slightly decreased due to the formation of a hexagonal
phase. The ZnS ceramic with pre-heating treatment at 550 °C showed the highest transmittance (71.6%) and density (99.9%).
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1 Introduction

Zinc sulfide (ZnS), a semiconductor compound, has a wide
range of applications such as in light emitting diodes, lumi-
nescent devices, photocatalysts, and infrared (IR) windows,
based on its unique optical and chemical applicability [1-3].
In particular, ZnS has high transmittance in the IR wavelength
and moderate hardness compared to chalcogenide glasses
which are mainly used for optical application [4, 5]. Out of
the optical applications, IR window technologies have been
spreading, not only in the more obvious area of military usage,
but also in the private sector such as for use in general security,
crime monitoring, industrial processes, environmental moni-
toring, and medical care [5, 6]. However, IR window technol-
ogy is not efficient enough for practical use, despite the fact
that considerable effort has been directed toward IR applica-
tions. This is because most commercially available IR win-
dows are very expensive due to their complex production
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process. Therefore, it is desirable to mass-produce IR win-
dows having high performance at low cost.

It is known that an IR window is normally single phase,
high density, and with low defect due to the low scattering of
light [7, 8]. For this reason, when ZnS is used for IR windows,
the treatment of pressurization and high temperature is neces-
sary. However, ZnS is known to occur at phase transition from
a sphalerite (cubic) structure to a wurtzite (hexagonal) struc-
ture above 1020 °C [9-11]. Also, the temperature of the sub-
limation point of ZnS is 1180 °C [12]. For this reason, to
maintain good optical properties of ZnS ceramics, a pre-
heating treatment and a sintering process simultaneously re-
quire high density and low defect, capable of suppressing
phase transition and decomposition.

Due to such difficulties, ZnS ceramics having good optical
properties are prepared by methods such as chemical vapor
deposition (CVD) [13]. Most ZnS ceramics fabricated by
CVD exhibit high transmittance. However CVD has the disad-
vantage of being very expensive, complex, and time-
consuming [13]. Hot-press (HP) sintering on the other hand is
simple, and can make a sintered body of high density [14].
Compared to CVD, HP sintering is suitable for mass produc-
tion because it is a low cost manufacturing process and gener-
ates less pollution [14]. For this reason, research on HP
sintering is actively being conducted. [15] However, one
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problem of HP sintering is that particle sizes are small due to
the influence of raw materials, and formation of a single phase
is difficult [13]. Therefore, the raw materials (nano powders)
used become very important because the shape and character-
istics of nano powders are related with the characteristics of
ceramics sintered by HP sintering. Since it is important to con-
trol the microstructure and to form a single phase, studies on the
synthesis of ZnS nano powders are actively conducted [13].

ZnS nano powders for sintering can be synthesized by var-
ious methods such as precipitation, spray pyrolysis method,
colloidal processing method, and hydrothermal synthesis [2,
15]. Hydrothermal synthesis can control particle sizes, phase
homogeneity, morphology, and it has a fast reaction rate.
However, it is known that when ZnS nano powders are syn-
thesized by hydrothermal synthesis, impurities adversely af-
fect optical properties [15]. The impurities are removed
through the pre-heating treatment, but it is necessary to find
a suitable condition of the pre-heating treatment because in-
appropriate pre-heating treatment is a problem in the forma-
tion of other impurities such as zinc oxide as well as the
hexagonal phase.

In this study, ZnS nano powders were prepared by hydro-
thermal synthesis, and a pre-heating treatment was performed
to remove impurities. The pre-heating treated ZnS nano pow-
ders were HP sintered to produce ZnS ceramics with high
density and transmittance. We also tried to confirm the change
of optical characteristics according to the temperature of the
pre-heating treatment.

2 Experimental

2.1 ZnS nano powders synthesis and the pre-heating
treatment

ZnSQ, - TH,0O (High Purity Chemicals, 99.9%) and Na,S -
9H,0 (Sigma-Aldrich, 99.99%) were used as starting mate-
rials for hydrothermal synthesis of the ZnS nano powders.
ZnSO, - 7TH,0 and Na,S - 9H,0 were dissolved separately
in 160.9 ml distilled water while being stirred at 85 °C for
30 min using a hotplate stirrer. The Na,S solution was poured
into the ZnSO, solution and mixed by stirring at 85 °C for 1 h.
This mixture was transferred to a 500 ml teflon-lined stainless
steel autoclave, which was synthesized at 180 °C for 70 h in a
forced convection oven. After the reaction was completed, the
mixture was removed from the autoclave and cooled to room
temperature in air. The synthesized white precipitate was then
washed using distilled water and filter paper to remove impu-
rities, and dried at 100 °C for 3 h in an oven. The chemical
reaction of the hydrothermal synthesis process described is as
follows [16]:
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ZnS04>Zn*" 4 SO4* (1)

Zn*" 4+ Na,S—ZnS + 2Na™ (2)

The dried ZnS nano powders were then pre-heating treated
using an alumina crucible to remove impurities. The pre-
heating treatment conditions were performed under vacuum
(about 1072 Torr) at 450, 500, 550, and 600 °C for 2 h. The
pre-heating treated ZnS nano powders were analyzed to con-
firm the change of characteristics according to the pre-heating
treatment temperature by scanning electron microscopy
(SEM, JEOL JSM-7610F), X-ray diffraction (XRD,
RIGAKU DMAX 2500), and Fourier transform infrared spec-
troscopy (FT-IR, JASCO FT/IR 4100).

2.2 HP sintering of ZnS nano powders

The pre-heating treated ZnS nano powders were sintered by
HP under vacuum (about 1072 Torr). Additionally, a 12.5 mm
silicon carbide mold was used for sintering ZnS nano pow-
ders. The HP sintering was performed at 950 °C for 2 h under
30 MPa, and the heating rate was 10 °C/min. To prevent
breakage of the ZnS ceramics, the pressure was removed im-
mediately after the holding time. The ZnS ceramics were in-
vestigated to confirm structural characteristics, density, and
optical properties by SEM, XRD, and FT-IR.

3 Results and discussion
3.1 ZnS nano powders

Figure 1 shows the XRD patterns of the ZnS nano powders
prepared through hydrothermal synthesis and the pre-heating
treatment. In order to use ZnS ceramics as an optical material,
it is necessary to secure a cubic single phase [11]. The observed
peaks show diffraction peaks at 2 values of 28.6°, 33.1°, 47.6°,
56.4°, and 59.0°, corresponding to the diffraction planes (111),
(200), (220), (311), and (222), respectively. All of the peaks
were perfectly indexed to the cubic phase of ZnS. In order to
clarify the effect of the pre-heating treatment temperature on the
ZnS nano powders, the microstructure of the pre-heating treated
ZnS nano powders was confirmed by microstructure images.
Figure 2 shows the microstructure images of the non pre-
heating treated ZnS nano powders and pre-heating treated ZnS
nano powders. Microstructure images show that the particles
were found to be mainly plate shaped with significant differ-
ences in particles size. It can be seen that it is mainly in the cubic
phase when we see the plate form [17]. As shown in Fig. 2(a),
the particle size of the ZnS nano powders prepared through
hydrothermal synthesis is 50 ~ 100 nm. Figure 2(b—¢) shows
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Fig. 1 X-ray diffraction.patterns * Sphalerite (CUbiC) - 05-0566
of ZnS nano powders with (111)
various pre-heating treatment * (220)
temperatures: (a) non pre-heating Py * (311)
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Fig. 2 SEM images of ZnS nano
powders with various pre-heating
treatment temperatures: (a) non
pre-heating treatment, (b) 450 °C,
(€) 500 °C, (d) 550 °C, and (e)
600 °C
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Fig. 3 FT-IR spectra of ZnS
nano powders with various heat
treatment temperatures: (a) non
pre-heating treatment, (b) 450 °C,
(¢) 500 °C, (d) 550 °C, and (e)
600 °C
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the growth of particle size with the increase of pre-heating tem-
perature. It can be seen that the nano-sized and micron-sized
particles are mixed during the pre-heating treatment up to
500 °C. When the pre-heating temperature was 600 °C, the
particle size of the ZnS nano powders increased to 1 pm.

FT-IR analysis was performed to confirm whether the im-
purities were removed by the pre-heating treatment. Figure 3
shows the FT-IR spectra of the ZnS nano powders before and
after the pre-heating treatment. The ZnS nano powders contain
several absorption peaks between 500 and 4000 cm™'. The
broad bands at 3420 cm ™' and 1630 cm ™' represent the presence
of water [17, 18]. The bands are attributed to the O-H stretching
vibration and H-O-H bending mode, respectively [18]. The ab-
sorption band in the range of 400-900 cm ' is characteristic of
Zn-0 vibration [19]. The absorption bands at 1200 and
1400 cm ™" indicate the S-O vibration band [20]. Additional
absorption bands observed at 2926, 2856, 2363 cm ! are due
to Zn-S microstructure formation of the ZnS nano powders [21].
The characteristic bands of water, Zn-O, and S-O of the ZnS
nano powders after the pre-heating treatment are reduced. It can
be confirmed that the temperature of the pre-heating treatment
affects the impurities in the ZnS nano powders [22]. However,
the impurities in the ZnS nano powders are not completely
removed. Since the purity of the ZnS nano powders is closely
related to the optical properties, a systematic study on ZnS nano
powder refinement is needed in future work.

3.2 ZnS ceramics

The ZnS ceramics were sintered by HP sintering to investigate
the influence of microstructure and impurity changes on the
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The ZnS ceramics with different pre-heating treatment ex-
hibit different colorations in Fig. 4. Coloration in transparent
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Fig. 4 Photographs of ZnS ceramics processed by hot-pressing at 950 °C
for 2 h under 30 MPa: (a) non pre-heating treatment, pre-heating treat-
ment at (b) 450 °C, (¢) 500 °C, (d) 550 °C, and (e) 600 °C
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Fig. 5 SEM images of ZnS
ceramics processed by hot-
pressing at 950 °C for 2 h under
30 MPa: (a) non pre-heating
treatment, pre-heating treatment
at (b) 450 °C, (¢) 500 °C, (d)
550 °C, and (e) 600 °C

ZnS ceramics is often mentioned in literature, and is a major
obstacle to achieving excellent optical properties [22]. The
gray color of ZnS ceramic [Fig. 4(a)] obtained by HP sintered
ZnS nano powders without pre-heating treatment is due to
carbon contamination [22]. On the other hand, when the pre-
heating temperature of the ZnS nano powders increases [Fig.
4(b—e)], carbon contamination is removed and becomes trans-
parent. It is known that carbon reacts with Na,SO, to generate
CO,, and disappears, as shown in the following reaction for-
mula [23]:

Na2804 + 2C—>NaZS + 2C02 (3)

The reacted Na,SOy, is the product during hydrothermal
synthesis by the following reaction formula:

ZnSOy4 + Nap,S=2ZnS + Nay SOy 4)

As a result of this reaction, the conversion of Na,SO, to
Na,S becomes active, and carbon contamination is reduced as
the pre-heating treatment temperature increases.

In Fig. 5, the cross section of ZnS ceramics was analyzed
by SEM to confirm the density and microstructure change of
ZnS ceramics according to the pre-heating treatment temper-
ature. As shown in Fig. 5(a), the ZnS ceramic obtained by HP
sintered ZnS nano powders without pre-heating treatment
shows that many residual pores existed. The particles are ho-
mogeneous with an average of about 1 wm. The ZnS ceramic
pre-heating treatment at 450 °C [Fig. 5(b)] shows an inhomo-
geneous microstructure in which nano-sized and micron-sized

Table1 Density of the ZnS ceramics with various pre-heating treatment
temperatures

Pre-heat Temp.  Pre-heat X  450°C  500°C  550°C 600 °C
Density (%) 98.4 98.9 99.4 99.9 99.9
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Fig. 6 X-ray diffraction patterns * Sphalerite (cubic) : 05-0566 (100)
of ZnS ceramics processed by (111) # Wurtzite (hexagonal) : 36-1450 #
hot-pressing at 950 °C for 2 h ¥ (220)
under 30 MPa: (a) non pre- ) 200 * (311)
heating treatment, pre-heating ) # ( * ) l 1 (222)
treatment at (b) 450 °C, (¢) g
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particles are mixed. The ZnS ceramic pre-heating treatment at
500 °C [Fig. 5(c)] exhibits an increase of the micron-sized
particles and the absence of pores. In the case of the ceramics
obtained from ZnS nano powders pre-heating treated above
550 °C[Fig. 5(d) and (e)], it was confirmed that small particles
disappeared and large particles existed. It is observed that the
particle growth of the ZnS nano powders affects the coarsen-
ing of the ZnS ceramics after HP sintering as the pre-heating
treatment temperature increases [24]. Density analysis was
performed to determine how the microstructure changes affect
the density variation, and the results are shown in Table 1. The
theoretical density of ZnS is 4.09 g/cm > [25], and the density
is measured using Archimedes’ method. The density of ZnS
ceramic without pre-heating treatment is 98.4%, which was
poor due to many pores. The densities of 98.4, 98.9, 99.4,
99.9, and 99.9% were observed in the ZnS ceramics obtained
by pre-heating treatment at 450, 500, 550, and 600 °C,

80
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40 -
30
20

Transmittance (%)

Wavelength (mm)

Fig. 7 Infrared transmission of ZnS ceramics processed by hot-pressing
at 950 °C for 2 h under 30 MPa: (a) non pre-heating treatment, pre-
heating treatment at (b) 450 °C, (c) 500 °C, (d) 550 °C, and (e) 600 °C
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respectively. When the fracture surface of the ZnS ceramics
is observed, the presence of large particles appears to be more
densified than the presence of small particles. As mentioned
previously, the change of the ZnS ceramics structure is expect-
ed to help in the reduction of light scattering.

The XRD patterns to confirm the structural change in the
ZnS ceramics according to the pre-heating treatment of the
ZnS nano powders are shown in Fig. 6. The observed peaks
show the diffraction peaks at 2 values of 28.6°, 33.1°, 47.6°,
56.4°, and 59.0°, corresponding to the diffraction planes
(111), (200), (220), (311), and (222), respectively.
Figure 6(b) is an enlargement to confirm the presence of a
hexagonal phase after HP sintering. In the ceramics sintered
after the pre-heating treatment of the ZnS nano powders, the
diffraction peak at 26.8° shows a hexagonal phase corre-
sponding to the diffraction planes (100). The ZnS ceramics
with the pre-heating treatment indicate the presence of the
cubic as the major phase and the hexagonal as the minor
phase. In the ZnS ceramic, the hexagonal peaks formed be-
cause of the hexagonal phase being stable at high temperature.
When the pre-heating treatment temperature increased, the
hexagonal peaks increased because of the difference particle
size, impurity, and density by pre-heating treatment.

In order to investigate the influence of microstructure
change and hexagonal phase on the infrared transmittance,

Table 2 Transmittance of the hot-pressed ZnS ceramics with various
pre-heating treatment temperatures in the medium wave infrared

Pre-heat Temp. & Time 3 um (%) 4 um (%) 5 pum (%) Average

Pre-heat X 29 84 16.9 9.4

450°C2h 41.0 48.8 53.9 479
500°C2h 57.2 63.0 66.0 62.1
550°C2h 70.0 72.0 72.7 71.6
600°C2h 69.5 71.3 71.8 70.9
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we analyzed the transmittance in the mid IR region. Figure 7
shows the transmittance at 3 ~ 8 pm at room temperature on the
polished 1 mm thickness of the ZnS ceramics. The overall
transmittance of the ZnS ceramics was improved when the
ZnS nano powders were pre-heated. The ZnS ceramic without
the pre-heating treatment exhibits a significantly low transmit-
tance due to the impurities, small particle size, and many resid-
ual pores. Generally, pores act as a scattering source to reduce
transmittance by generating light scattering [15]. The transmit-
tance of the ZnS ceramics was improved when the pre-heating
treatment temperature of the ZnS nano powders increased to
550 °C. It is assumed that the transmittance increased because
of decreased light scattering source due to the decrease of
pores, decrease of small particles, and effect of particle coars-
ening [26, 27]. Also, as the pre-heating temperature increased
from 550 to 600 °C, transmittance decreased slightly due to the
formation of the hexagonal phase. It is judged that transmit-
tance decreased due to the increase of light scattering by an-
isotropy of the hexagonal phase and interface between the cu-
bic and hexagonal phase. In addition, as the pre-heating treat-
ment temperature of the ZnS nano powders increased, the de-
crease of the absorption peak observed at about 7 um was
confirmed. The absorption peaks at around 7 pum indicate
Na,SO,, as shown in Eq. (4) [13]. As shown in Eq. (3), as
the pre-heating treatment temperature increases, the conversion
0of Na,SO, to Na,S is activated. From this result, the absorption
peaks at around 7 um decreased as the pre-heating treatment
temperature increased. Transmittance at the mid IR region is
summarized in Table. 2 in order to accurately check transmit-
tance in the mid IR region. Transmittance of the ZnS ceramics
in the mid IR region increased to about six times or more
according to the presence or absence of the pre-heating treat-
ment of the ZnS nano powders. It is judged that transmittance
rapidly increases due to the reduction of pores. Also, when the
pre-heating temperatures increase, it is judged that transmit-
tance increases due to the coarsening of particles. From the
result, it has been confirmed that a process of suitable pre-
heating treatment is required to minimize porosity and hexag-
onal phase during the manufacturing of optical ZnS ceramics.

4 Conclusions

In this study, we applied the pre-heating treatment for the ef-
fective synthesis and impurity removal of ZnS ceramics, and
analyzed the structure and optical characteristics according to
pre-heating treatment temperature. First, ZnS nano powders
with a cubic single phase were synthesized by hydrothermal
synthesis. The ZnS nano powders were pre-heated to remove
impurities, and sintered using hot-press (HP) sintering. The
result of the pre-heating treatment of the ZnS nano powders
are as follows: decrease of Na,SO, and C affecting transmit-
tance, densification and coarsening of microstructure, and

reduction of pores. With this effect, elaboration of the transpar-
ent ZnS ceramics in the mid IR region was successfully
achieved. However, it was shown that transmittance decreased
slightly due to the hexagonal phase when the pre-heating treat-
ment temperature increased. Therefore, pre-heating treatment
of a suitable temperature is required. The highest transmittance
was obtained from the ZnS ceramics with pre-heating treatment
of ZnS nano powders at 550 °C, and the average transmittance
was 71.6%. As a result, it has been confirmed that pre-heating
treatment after hydrothermal synthesis is a suitable method
for removing impurities and improving optical character-
istics of the ZnS ceramics sintered by HP sintering. The
ZnS ceramics produced by this method is expected to be
applied to many applications as an optical material.
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