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The present study, for the first time, reports the successful consolidation of chromium doped zinc sulfide (ZnS)
polycrystalline infrared (IR) transparent ceramics (maximum transmittance of 67% at 11.6 um) via hot pressing
under vacuum. The phase composition of the as-sintered Cr?*:ZnS ceramics was determined to be primarily
cubic ZnS sphalerite, with a minor amount of hexagonal ZnS wurtzite. Scanning electron microscopy (SEM) ob-
servation of the sintered ceramics showed a highly consolidated microstructure. IR absorption and
photoluminescence measurements revealed that the Cr?* jons are tetrahedrally coordinated within the ZnS

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

As an extensively characterized II-VI wide bandgap semiconductor,
zinc sulfide has been of significant interest for a long time due to its
promising applications in various fields, including optical ceramics,
phosphors, quantum dots, photocatalysts, and sensors [1-4]. When
doped with transition metals and rare earth elements, ZnS can exhibit
a wide range of luminescence behaviors in the visible and infrared re-
gions [5-9]. In addition, due its exceptional performance as a material
for room-temperature tunable solid state laser gain media in the mid-
IR region, transition metal doped ZnS has inspired a tremendous
amount of interest for researchers in past decades.

In 1996, researchers at Lawrence Livermore National Laboratory
demonstrated the potential of divalent transition metal doped zinc chal-
cogenides as materials for mid-IR laser applications [10]. Various diva-
lent transition metals (Co?*, Ni®™, Fe?* and Cr?>*) were doped into
ZnS/ZnSe/ZnTe hosts, and their room temperature mid-IR lasing perfor-
mances were examined. It was determined that the tetrahedral substi-
tution sites, rather than the octahedral sites, are more favorable
doping sites for transition metals in the zinc chalcogenides. The tetrahe-
dral coordination of dopants might contribute to the observed intense
low-energy transitions, due to small crystal field splitting. Among the
Zn chalcogenides, Cr?™ doped ZnS/ZnSe showed exceptionally strong
room-temperature absorption and emission in the mid-IR region. In ad-
dition, temperature-dependent lifetime measurements indicated that
these materials revealed high (close to 80 and 100% for Cr:ZnS and
Cr:ZnSe, respectively) luminescence quantum yield at room tempera-
ture due to weak non-radiative relaxation process [1,2]. It was
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demonstrated that Cr?>"™ doped ZnS/ZnSe crystals were the most prom-
ising candidates for room-temperature tunable mid-IR laser applica-
tions. Since then, chromium doped ZnS has attracted more and more
extensive attention.

Mirov et al. have conducted tremendous research on the lasing per-
formances of Cr**:ZnS materials [ 11-14]. It has been reported that they
applied chemical vapor transport (CVT) methods followed by thermal
diffusion to fabricate Cr>*:ZnS transparent ceramic microchips with de-
sirable lasing performances (optical and slope efficiency) [15]. It was
also demonstrated by Wang et al. that Cr?>*:ZnS thin films with promis-
ing properties for mid-IR applications could be prepared by pulsed laser
deposition [16]. In addition, Martyshkin et al. investigated and demon-
strated the effective photoluminescence and lasing properties of
Cr?*:ZnS nanoparticles in the mid-IR region [17]. Meanwhile, by using
Cr:ZnS single crystals, Tolstik et al. obtained Kerr-Lens passive mode-
locked Cr:ZnS femtosecond lasers, with distinguished pulse duration
and energy [18,19]. The output characteristics of Kerr-lens-mode-
locking were significantly improved in [20-22] with the use of Cr:ZnS
polycrystalline gain media. Besides studying the lasing performance of
Cr?™:ZnS, a significant amount of research has been conducted towards
understanding the material, including the theory surrounding its crystal
field splitting and local structure, as well as its potential applications in
other fields such as cathodoluminescence and solar cell applications
[23-26].

The most commonly reported method to fabricate Cr*>*:ZnS trans-
parent materials for laser applications is CVT method followed by ther-
mal diffusion [27]. In addition, based on the method employed to
process ZnS transparent ceramics, CVD combined with hot isostatic
press (HIP) has also been used to prepare polycrystalline ZnS host ce-
ramics prior to the thermal diffusion of Cr** ions [28]. However, these
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methods are expensive and time-consuming, and have poor repeatabil-
ity. As a common consolidation method, it is well known that hot press-
ing has been proven to be an effective and viable way to prepare various
optically transparent non-oxide and oxide ceramics, such as ZnS, CaF,,
Y203, Luy03, and MgAl,04 [29-36]. It has also been demonstrated that
Cr?™:ZnSe transparent ceramics with suitable properties for laser appli-
cations can be fabricated via hot pressing [37]. However, few studies
have been reported on the hot pressing of Cr’":ZnS transparent
ceramics.

In the present study, Cr>*:ZnS IR transparent ceramics were fabri-
cated via high vacuum hot pressing (VHP) using homogeneous ZnS
powders synthesized using a wet chemical precipitation route, which
were subsequently mixed with commercially sourced Cr,S; powders.
It was determined that the sintered Cr>*:ZnS ceramics were primarily
composed of cubic sphalerite phase, with hexagonal wurtzite as a
minor phase. The ceramics were studied using SEM, and found to be
well-consolidated and highly dense. The spectroscopic properties of
the material were characterized to investigate the mid-IR absorption
and photoluminescence behavior induced by doping with Cr?™.

The synthesis of ZnS powders was performed through a facile colloi-
dal processing method, which was reported in our previous studies [31].
Aqueous solutions of thioacetamide (TAA, >99.0%, Sigma Aldrich) and
Zn(NOs3),-6H,0 (299.0%, Sigma Aldrich) with stoichiometric ratios of
Zn:S were mixed together by stirring, and HNO5 (70%, Sigma Aldrich)
was added to the mixed solution to adjust pH to 2. The solution was
then heated in a hot water bath to encourage particle growth. After suf-
ficient time, the suspension of ZnS colloids was cooled in an ice water
bath to halt particle growth. The precipitates were then washed by
both DI water and ethanol (Reagent alcohol, 100%, Decon) to remove re-
action residues, and then dried in an oven in air. The precipitates were
then finely ground and mixed with an addition of 0.1 mol% Cr,S;3
(99%, Alfa Aesar) in an agate mortar and pestle. The mixed powders
were then heat treated at 900 °C for 4 h in flowing argon to prepare
for sintering. The ceramic samples were prepared for VHP by loading
the powders into a graphite die with a diameter of 10 mm, with layers
of graphite foil (thickness of 0.5 mm) used to separate the sample pow-
ders from the punches. The powders were consolidated at 1000 °C for
2 h under a uniaxial pressure of 50 MPa under a vacuum of
10~> mbar (OTF-1200X-VHP4, MTI).

The phase composition of the sintered Cr>*:ZnS ceramics was deter-
mined using XRD (Bruker D2 PHASER) with Cu Ko (N = 0.154 nm) ra-
diation at a voltage of 30 kV and a current of 10 mA. Measurement
conditions of 0.03°26 step size and 0.2 s count time were employed
over a measurement range of 10-75°26. The morphological and struc-
tural features of the Cr:ZnS powders and sintered ceramics were inves-
tigated by SEM (FEI Quanta 200) at an accelerating voltage of 20 kV.
Archimedes method density measurements were adopted to determine
the density of the as-sintered ceramics. The IR transmittance of the
polished pellet was measured using FTIR (Nicolet 6700, Thermo Fisher).
Photoluminescence spectra and kinetics characterizations were per-
formed using an acousto-optically Q-switched Er:YAG laser under an

(a) (b)

1 um

( ) v ¥ Sphalerite
16000 = Wurtzite
12000
5
o
o v
2 8000}
@
H] v
£ 4000
i e iy v
2 pm 10 20 30 40 50 60 70
o — Two-Theta (deg)

excitation at 1.645 um with ~60 ns pulse duration. Photoluminescence
spectra were collected by using a monochromator (Acton Research
ARC-300i). A Thorlabs PDA 20H PbSe detector, in addition to a fast
PVI-3TE-5 (HgCdTe, VIGO systems) detector with a response time of
~200 ns were employed for signal detection. A polycrystalline
Cr?™:ZnS sample with a chromium concentration of 8 - 10'® cm™3, fab-
ricated by a post-growth thermal diffusion method [12], was used for
the comparison of optical properties with the Cr?*:ZnS ceramics.

Fig. 1 (a) shows the SEM image of the synthesized ZnS powders
mixed with a 0.1 mol% addition of Cr,S3 powders. The powders appear
to be composed of well-dispersed, homogenous, spherical particles with
a size of approximately 100-200 nm, the small size of which is attribut-
ed to the use of both hot and cold water baths to achieve better control
of particle growth during colloidal processing. The microstructure of the
thermally etched surface of the polished Cr>*:ZnS ceramics is shown in
Fig. 1 (b). It can be observed that the VHP-consolidated ceramics have
an average grain size of about 1-2 um and is highly dense, likely due
to the homogenous morphology of the raw powders and the effective-
ness of applied VHP technique. The relative density was measured to
be 98.8%, which is in agreement with SEM observations of a highly con-
solidated microstructure. Fig. 1 (c) displays the XRD pattern of the
Cr?*:ZnS ceramics consolidated via VHP. The sample is composed of a
mixture of mainly cubic sphalerite (JCPDS no: 65-5476; F-43 m; a =
5.40 A) with a small amount of hexagonal wurtzite (JCPDS no: 02-
1310; P63mc; a = 3.82 i\. ¢ = 6.25 A). In addition, no Cr,S; impurity
peaks can be detected in the XRD measurement because of the low
added level of Cr,S3. Due to the high surface energy of the small particles
of the raw powders, during consolidation the Cr>*:ZnS ceramics experi-
ence an early phase transition from the cubic phase to hexagonal phase
at 1000 °C, which is lower than the reported phase transition tempera-
ture of 1020 °C.

Fig. 2 (a) shows the IR transmittance curve of a polished Cr?*:ZnS
ceramic pellet, obtained by FTIR measurement over a wavelength
range of 2.5-16.0 um. Due to the effective consolidation via VHP, the
Cr?*:ZnS polycrystalline ceramic sample exhibits high transmittance
in the IR region, with a maximum transmittance of 67% at 11.6 um,
while the theoretical maximum transmittance according to the Fresnel
equations is 75% in the IR range. It is important to note that the trans-
mission curve shape near the IR edge is very similar for the VHP-consol-
idated ceramic sample and the polycrystalline sample fabricated via the
post-growth thermal diffusion method. The reduced transmission ob-
served in the VHP-consolidated ceramic sample in the near-IR spectral
range is likely due to scattering effects within the ceramic. As can
been observed from the inset photo, the sample is translucent even in
the visible region, with the green color of the sample believed to result
from the incorporation of Cr?* ions into the ZnS lattice. Based on com-
parison of spectra from measurement of the samples and measurement
of the ambient atmosphere, it is determined that the absorption peaks
in the 3.2-7.0 um range are due to atmospheric absorptions. Specifically,
the absorption bands between 3.4, 3.5 and 4.2 um are attributed to
water adsorbed from the atmosphere, and the small peaks at 5.7, 6.2

Fig. 1. (a) SEM image of the synthesized ZnS powders mixed with 0.1 mol% Cr,S; powders. (b) SEM image of the thermally etched surface of the VHP-sintered Cr?*:ZnS ceramics. (c) XRD

pattern of the Cr?*:ZnS ceramics consolidated via VHP.
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Fig. 2. (a) Room-temperature IR transmittance spectrum of the mirror-polished Cr:ZnS
ceramic, with a photograph of the sample (inset) with a diameter of 10 mm and a
thickness of 0.7 mm. (b) Room-temperature near-IR transmittance spectrum of the
Cr:ZnS ceramic.

and 7.0 um correspond to the C=0O0 stretching modes of CO, adsorbed
from the ambient atmosphere. ZnS characteristic vibrations lead to the
band at 15.2 pm [9]. In addition, the absorption peak at 9.1 and
10.9 pm can be probably attributed to ZnS precursor residuals in the col-
loidal processing route or carbon contamination from graphite during
the VHP process [30,31].

The near-IR transmittance curve of the sample is shown in Fig. 2 (b).
Dotted line shows the baseline from the FTIR measurement of the ambi-
ent atmosphere. As can be determined from the transmittance plot, the
VHP-sintered ceramic sample features a very strong scattering effect. It
is important to note that the broad band at 1690 nm corresponds to the
5T, — °E absorption band from the split ground state °D of Cr>*, which
confirms that Cr?>*(3d*) is incorporated into the lattice of the ZnS host
in a site with tetrahedral coordination [38]. In addition, the Cr?™ con-
centration of the Cr?™:ZnS ceramic can be estimated from the absorp-
tion peak at 1690 nm. First, the active absorption coefficient at
1690 nm can be obtained according to Beer-Lambert Law:

o= —In(T)/d (1)

where « is the active absorption coefficient, T corresponds to the nor-
malized transmittance ratio, and d is the thickness of the sample
(0.07 cm). Here, we can estimate T to be 0.88, based on comparison of
the actual measured transmittance at 1690 nm with the estimated base-
line of the transmittance curve between 1400 nm and 2000 nm. After
obtaining the active absorption coefficient at 1690 nm, the concentra-
tion of Cr?™ can be estimated by the following relation:

N=a/o (2)

where N is the concentration of the ion, and o refers to the absorption
cross-section. It has been reported that the absorption cross-section of

Cr?*:ZnSat 1690 nmis 1.0 - 10'8 cm?[39]. Thus, the Cr? ™ concentration
can be calculated as 1.8 - 10'® cm™3 (sufficient for laser materials).
However, the concentration is much smaller than the total concentra-
tion of Cr originally introduced into the material, which suggests that
the incorporated Cr ions may have different valence states other than
2+. Due to the reducing nature of the high vacuum and carburizing en-
vironment due to the presence of graphite in the VHP chamber, some
Cr3* ions from the added Cr,S; are reduced to Cr?* ions, which are
then incorporated into the ZnS host lattice, but a portion of the Cr>™
ions from the Cr,S; may still persist in the material. In addition, it is
also revealed by a preliminary X-ray photoelectron spectroscopy char-
acterization that there are some mixed valence states of Cr ions includ-
ing 2+ and 3+ within the VHP-sintered ceramic. Future research is
required to determine the location and valence states of the chromium
ions in VHP-sintered Cr:ZnS ceramics.

Further characterization of the VHP-sintered Cr*>*:ZnS ceramic
sample's mid-IR optical behaviors was performed to investigate the IR
photoluminescence emission and corresponding emission kinetics of
the Cr?™:ZnS. Fig. 3 (a) shows the room-temperature non-calibrated
IR photoluminescence spectrum of the VHP-sintered ceramic under
1645 nm excitation. The sample exhibits the characteristic Cr** IR
photoluminescence band from 2000 nm to 2200 nm, which is attributed
to the °E — °T, electronic transition, as a result of the cubic tetrahedral
crystal splitting of the 3d-levels of Cr>* (3d*) in ZnS [40]. In addition, as
discussed in the aforementioned XRD analysis, both the cubic ZnS sphal-
erite phase and the hexagonal ZnS wurtzite phase are present in the ce-
ramic. The difference in crystal structure and symmetry of these two
phases may lead to polarization dependence of fluorescence [41],
which in turn results in the asymmetric photoluminescence band
shown in the emission spectrum [42,43]. Fig. 3 (b) shows the IR
photoluminescence kinetics of the VHP-sintered Cr?*:ZnS sample mea-
sured at room temperature under 1645 nm excitation. The red curve
shows the detector response time measured at the excitation
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Fig. 3. (a) Room-temperature IR photoluminescence spectrum and (b) room-temperature
IR photoluminescence kinetics of the VHP-sintered Cr?>*:ZnS ceramic sample under
1645 nm excitation.
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wavelength for comparison. From the blue fitted (Eq. (3)) exponential
decay curve shown in the spectrum, it is revealed that the sample ex-
hibits a single exponential decay process with a lifetime of T = 5.5 ps,
which is consistent with previously reported decay times of the Cr?*
5E - °T, electronic transition in Cr?>*:ZnS [38].

I(t) = Aexp(—t/T) 3)

where I(t) refers to the time-dependent luminescence intensity, A is a
pre-exponential weight factor, and t corresponds to the actual time,
and T is the decay time. This further demonstrates that the Cr>* ions
are tetrahedrally coordinated in the VHP-sintered Cr*>*:ZnS ceramic.

In summary, Cr?>*:ZnS IR transparent ceramics (67% transmittance
at 11.6 um) was successfully fabricated via vacuum hot pressing by con-
solidating colloidally processed ZnS powders mixed with commercially
sourced Cr,S3 powders. The Cr?>*:ZnS ceramics were determined to be
primarily composed of cubic ZnS sphalerite phase, with hexagonal
ZnS wurtzite as a minor phase. It was demonstrated that the well-dis-
persed and homogenous morphology of the raw powders combined
with the effects of VHP led to highly effective consolidation of the
Cr?*:ZnS powders into high-transparency ceramics. IR absorption anal-
ysis demonstrated that Cr? " ions were incorporated into the ZnS lattice,
and the concentration of Cr>* in the VHP-sintered Cr?*:ZnS ceramic
was estimated to be 1.8 - 10'® cm™3. Characterization of the IR
photoluminescence emission and kinetics of the VHP-sintered ceramic
revealed the corresponding °E — °T, characteristic bands of Cr?* in
ZnS, and further confirmed the existence of tetrahedrally coordinated
Cr?™ within the ZnS host lattice. Further studies focused on decreasing
scattering effects in VHP-sintered Cr>™:ZnS are required to improve
the optical performance of the material to increase its suitability for
mid-IR laser applications.
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