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ABSTRACT

The powder-like ZnS:Cu grown by self-propagating high temperature synthesis from the mixture of Zn, S
and CuCl is investigated before and after annealing at 800 °C by photoluminescence (PL) and X-ray
diffraction (XRD) techniques. It is found that after synthesis the ZnS:Cu powder consists of a mixture of
cubic and hexagonal ZnS phases as well as crystalline Cu,Zn; _ solid solution. PL spectrum shows a wide
PL band which is the superposition of green and blue Cu-related bands as well as self-activated one. It is
shown that annealing at 800 °C gives rise to three processes, controlled by the heating time to annealing
temperature: (i) phase transformation of ZnS hexagonal phase to cubic one; (ii) oxidation processes
resulting in ZnO formation; (iii) the non-monotonic changes of Cu,Zn;_, phase composition and
decrease of its content. These changes are accompanied by the non-monotonic variation of the blue to
green Cu-related PL band intensities ratio which correlates with the variation of Cu,Zn;_, phase
composition. The model that explains the changes of ZnS:Cu PL characteristics by indiffusion of Zn and
Cu from Cu,Zn;_, phase is proposed. The anisotropic character of ZnS phase transformation and
oxidation process is found.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Today ZnS phosphors attract a great attention [1-7] because of
their efficient emission in wide spectral region as well as their
relative cheapness and simplicity of conventional methods of their
synthesis. They are currently employed in many areas. In parti-
cular, these phosphors have been applied in electronic display
devices, pigments in phosphorescent paints, electroluminescence
devices and cathode ray tube equipment [8-11]. Powder ZnS-
based electroluminescence devices with white emission can be
used in liquid crystal display backlights such as cellular phones,
personal digital assistants and palmtop computers. For white
emission generation it is necessary to obtain the luminescence in
blue or green spectral regions in addition to red emission. The
emission of ZnS phosphors in blue-green spectral regions can be
obtained by Cu doping, which results in appearance of green and/
or blue broad bands centred at 505-530 nm and 440-465 nm,
respectively [2 (and Ref. therein), 5, 12]. Because of this the
luminescence properties of ZnS phosphors, including Cu doped
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powder-like one, was intensively investigated in recent years
[5-7,13-16]. It is known that ZnS emission characteristics depend
on the sample fabrication and doping methods as well as on
subsequent treatment.

One of the suitable methods to prepare phosphor materials based
on zinc sulphide is a self-propagating high temperature synthesis
(SHS) [17]. Technological capabilities of SHS are very broad, because
it allows producing single-crystal and powders, including nanoscale
materials, and doping them during synthesis. The SHS is an environ-
mental friendly, low power consumption and low-cost method that
can be applied for a large scale production of ZnS powders. These
materials can be used as electro-, photo-and X-ray luminophore [18-
21]. SHS method at last years attracts the attention because it allows
preparation of ZnS powder with photoluminescence (PL) intensity
comparable to that of commercial one [20]. At the same time, a
number of issues for dispersed materials obtained by this method are
not well addressed. Among them the next ones should be pointed
out: localization of impurity, introduced during synthesis, and the
influence of annealing on luminescence and structural characteristics
of powders.

It is known that activator distribution is one of the most
important factors determining the emission properties of phosphors.
On the other hand, the heat treatment is the wide used procedure in
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device fabrication processes. Specifically, the synthesized ZnS pow-
der is heat treated for encapsulation (creation a ZnO layer), stress
relaxation, doping, and a more homogeneous distribution of impu-
rities inside the grains [22,23]. At the same time, the heat treatment
can change the phase composition of phosphorus and the grain size
[5,24-26], which also can affect the emission characteristics of the
material. Therefore the investigation of the processes, which occurs
at different annealing conditions, is important.

Usually the effect of temperature and duration of annealing, as
well as cooling time of the ZnS materials, is studied [5,25,27].
At the same time it has been recently shown [28] that the variation
of heating time to annealing temperature can also influence PL
characteristics of powder-like ZnS. Specifically, this can control the
intensity ratio of blue and green copper-related bands upon
doping of ZnS with Cu from the surface (from CuCl).

In this paper similar effect was found also for the samples doped
under synthesis. To elucidate its reason as well as the impurity
localisation and phase composition of powder-like ZnS prepared by
the SHS and doped by Cu in the growing process the luminescent
and structural characteristics of the samples were studied before
and after annealing. The formation of Cu,Zn; _ solid solution during
synthesis is found. The latter affects significantly the luminescent
properties of powder-like ZnS:Cu phosphors. The obtained results
can be used for optimization of the doping technology and achieve-
ment the reproduction of the luminescent characteristics of the
powders, obtained by SHS method.

2. Experimental details

ZnS:Cu powder was prepared by SHS method and doped
during the growth process from the mixture with molar concen-
tration of Zn—0.45, S—0.56, CuCl—0.006. The post growth thermal
annealing of powders was carried out at 800 °C in quartz furnace.
To restrict the access of atmospheric air we used a gas valve made
of activated carbon. The annealing time was 120 min and heating
time (t) varied from 15 to 240 min.

Photoluminescence spectra were measured using an SDL-2 sys-
tem at room temperature. PL was excited by the 337 nm line of N,
laser. X-ray diffraction (XRD) study was carried out using Philips
X'Pert-MRD diffractometer with Cu Ka-radiation, 1=0.15418 nm, in
Bragg-Brentano geometry.

3. Results

3.1. PL characteristics

The PL spectra of initial and annealed samples are shown in
Fig. 1a. The PL spectra of initial sample consist of broad band in
blue-green spectral region with peak position at 510 nm and the
shoulder at near 460 nm. The annealing results in the spectral shift
of observed band and in the change of its full width at half
maximum (FWHM), which depend on t,. With t, increase, the
maximum position of PL band shifts firstly to the red and then to
the blue spectral region, while its FWHM firstly decreases and then
increases. These facts as well as the presence of the shortwave
shoulder mean that the observed PL band is non-elementary. The
deconvolution of PL spectra by the Gaussian approximation of
initial and annealed at t,=240 min samples is shown in Fig. 1b by
dotted lines. It is seen, that observed PL band consist of blue (B) and
green (G) Cu-related bands with peak positions at 465 nm and
530 nm, respectively, as well as the self-activated (SA) band with
peak position at 505 nm [29]. The dependences of these bands
integral intensities on t;, are shown in Fig. 2. When ¢}, increases, the
intensity of G-band at first increases, then, when t; > 30 min,
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Fig. 1. Normalized PL spectra of the ZnS:Cu: (a) initial and annealed with different
heating time at T=800 °C (120 min); (b) and (c) deconvolution of PL bands for
initial and treated at t,=240 min samples, respectively.
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Fig. 2. The dependencies of integral intensities of Cu-related and self-activated
bands on heating time. Point 0 at t,—axis corresponds to initial sample.

decreases up to t,=120min and after this does not change.
At the same time the intensities of other two bands demonstrate
the opposite dependence on t; in the interval 15-120 min. From
these data it can be concluded that the main reason of PL band
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spectral shift is the change of contribution of Cu-related G- and
B-bands to PL spectra. In fact, the red shift corresponds to the
increase of G-band intensity while the intensity of B- and SA-bands
decreases. At the same time blue shift corresponds to enhancement
of B- and SA-bands. Because the peak position of observed PL-band
at long t, is at shorter wavelength than peak position of SA-band,
blue shift is obviously caused by the increase of B-band intensity.

3.2. XRD patterns

XRD patterns of initial and annealed samples are shown in Fig. 3.
The initial sample is a mixture of ZnS cubic (equilibrium) and ZnS
hexagonal (non-equilibrium) phases. Besides, in this sample the
peaks at 20~36.3; 39; 43.2 and 54.3° which can correspond to
metallic Zn or to Zn-based solid solution (Cu,Zn;_, with x <20%)
with hexagonal Mg-like lattice [30]are observed. The coherent
domain size (D) of Zn or Cu,Zn;_, crystals, estimated from XRD
patterns using the classical Scherrer formula, is about 30 nm. The
presence of metallic-related phase results most likely from the non-
equilibrium conditions of crystal growth.

The annealing gives rise to the changes of ZnS powder phase
composition, which depend on t;. In particular, the increase of
t, results in the decrease of ZnS hexagonal phase content, that is
usually observed for ZnS phase mixture. Fig. 4a shows the
hexagonal phase percentage versus t, estimated using the method
proposed in [31]. This dependence gives the evidence that cubic
ZnS phase dominates both in initial and annealed samples. Its
contribution in initial samples is about 87% and increases after
annealing up to 95% at t;, =240 min.

Besides the decrease of hexagonal phase contribution, the
annealing results in other transformation in XRD patterns. Specifi-
cally, after annealing reflections related to Zn or Cu,Zn; _, (x < 20%)
hexagonal phases disappear and reflections from Cu,Zn;_, cubic
phase with higher Cu content and from ZnO hexagonal phase arise.
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Fig. 3. XRD patterns of initial ZnS:Cu sample and the samples annealed with
different heating time at T=800 °C(120 min). At the bottom reference patterns for
cubic ZnS, Cu,Zn; _,, hexagonal ZnS, Zn and ZnO phases.
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Fig. 4. The dependencies on heating time of (a) ZnS hexagonal phase content and
(b) intensity ratios of 101 reflection from ZnO to 100 and 102 reflections from ZnS
hexagonal phase and to 200 reflection from ZnS cubic phase.

In general, the latter can be caused by oxidation of ZnS as well as Zn
or Cu,Zn;_, due to presence of oxygen in annealing atmosphere.
Fig. 4b shows the dependencies of ratio of ZnO(1 0 1) reflection
intensity to the intensities of ZnS(1 0 2) and ZnS(1 0 0) hexagonal
phase reflections as well as to the intensity of ZnS(2 00) cubic
phase reflection. It is seen, that the contribution of ZnO is insignif-
icant at short heating time (t, <30 min) and increases at higher t;,
that is most pronounced for ZnS(1 0 2) hexagonal phase reflection.
The different slopes of t, dependencies for different hexagonal
phase reflections (Fig. 4b) mean that the process of hexagonal phase
oxidation is anisotropic and testifies to the essential contribution of
ZnS oxidation in ZnO formation.

As concerns the Cu,Zn, _, cubic phase with different Cu content
is most likely formed from Cu,Zn;_, hexagonal phase with
Xx <20%. This implies that reflections observed in initial sample
originate rather from Cu,Zn;_, hexagonal phase than from pure
metallic Zn. Let us consider the transformation of Cu,Zn; _, phase
composition under annealing with different ¢, in details. The
annealing with t,=15 min leads to the decrease of Zn content in
solid solution and, as a result, to the formation of stoichiometric
Cu,Zn; _, (x ~ 50%) phase with cubic lattice of CsCl type [30]. For
this alloy the most intensive peak is for 110 reflection at 29~43.2°.
The annealing with t,=30 min causes the further Zn loss and
formation of Cu,Zn;_y (x ~ 70%) phase with cubic lattice of NaCl
type [30]. For this alloy 111 and 200 reflections at 26~42.4 and
49.4°, respectively, are the most intensive. The shift of these peaks
to the larger angles after annealing at t;=30-120 min indicates
that Cu content in Cu,Zn;_x solid solution decreases while the
lattice remains of NaCl cubic type. The increase of t; over 120 min
does not lead to the further changes of Cu,Zn,_, phase composi-
tion. Thus, when t;, increases, the content of Cu in Cu,Zn;_ phase
firstly increases and then decreases, that results in the non-
monotone shift of Cu,Zn,_, -related peak position (Fig. 5). It
should be noted that Cu,O;_, and Cu,S;_x phases were not
observed both in the initial and the annealed samples.

The change of the phase composition in powder-like ZnS with
the increase of t, also results in the changes of D in cubic and
hexagonal phases. As one can see from Fig. 6a, the D value, estimated
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Fig. 6. The dependence of coherent domain size (D) on heating time (t;): (a) ZnS
with hexagonal structure; (b) ZnS with cubic structure.

by Scherrer formula, for ZnS with hexagonal structure evaluated
from 102 reflection decreases with t;, increase, meanwhile this value
determined from 100 reflection does not practically change. In ZnS
crystals with cubic structure (see Fig. 6b) the D value at first increases
and then decreases with t;, increase.

4. Discussion
4.1. Phase composition

The characteristic feature of obtained ZnS:Cu powder is the
presence of Cu,Zn, _, alloy besides two ZnS phases. This demon-
strates that, not all Cu atoms incorporate in ZnS microcrystals
during synthesis in spite of the Cu concentration does not exceed
the solution limit. In fact, as it will be shown below, the additional
Cu atoms incorporate in ZnS microcrystalls upon annealing, but
the appearance of Cu,S; _, phase is not observed (see Section 3.2).

The annealing leads to the decrease of hexagonal and increase of
cubic phase content, the oxidation owing to the oxygen presence in

the annealing ambience and the change of Cu,Zn; _ alloy composi-
tion. In general, the decrease of hexagonal phase content can be
caused by transformation of the hexagonal phase into the cubic one
as well as by more intensive oxidation of hexagonal phase in
comparison with cubic one. The obtained results show that both
these factors are responsible for the decrease of hexagonal phase
content. This follows from the D(t;) dependencies as well as from
the intensity ratio of the ZnO(10 1) reflection to different ZnS
reflections. In fact, more sharp dependence of the intensity ratio of
ZnO(1 0 1) reflection to ZnS(1 0 2) hexagonal phase reflection on t;
in comparison with such a dependence for ZnS(2 0 0) cubic phase
reflection (Fig. 4b) allows concluding that oxidation of the hexago-
nal phase is more intensive than the oxidation of the cubic one at
least in one direction. Thus, this is one of the reasons why the
hexagonal phase contribution decreases.

On the other hand, the phase transformation and oxidation will
also result in the change of the D value. In general case the
dependence of D versus t, will be determined by the contribution
of these two processes. Specifically, if the oxidation process is
insignificant, the transformation of ZnS hexagonal phase to the
cubic one will result in the increase of D value for cubic phase and
its decrease for hexagonal one. Exactly this situation is observed at
short t, (Fig. 6). At the same time, the oxidation process will result
in the decrease of D value both for cubic and hexagonal phases.
So, superposition of both processes will lead to non-monotonic
change of D for cubic phase and to the decrease of D value for
hexagonal one, that was really observed for ZnS(2 0 0) cubic and
ZnS(1 0 2) hexagonal phase reflections. The different D(¢;) depen-
dencies evaluated from different reflections of hexagonal phase
implies the anisotropy of both processes and it is in agreement
with the slopes of curves in Fig. 4b.

It should be noted that the coherent domain size D determined
by Scherrer formula for both ZnS phases (20-50 nm) was essentially
smaller than microcrystals size (2-6 um) obtained using the scan-
ning electron microscopy. Thus, inside the microcrystals a consider-
able quantity of interphase boundaries is present. Therefore, it can
be supposed that ZnS phase transformation and oxidation processes
occur inside one microcrystal. The first phenomenon, as well as
anisotropy of process, was observed in nanosized ZnS [31]. It should
be noted, that the oxidation can hamper the ZnS phase transforma-
tion. This can explain why the D value increase in cubic phase is
observed only at short .

4.2. PL characteristics

The annealing results in considerable changes in PL character-
istics of obtained ZnS powder. Based on the XRD and PL data, the
model, that explains these changes can be proposed. Fig. 2
demonstrates that the dependence of G-band intensity on tj
in the interval 15-120 min has an opposite behavior to such
dependencies for B- and SA-bands. This means that the variation
of band intensities is due to redistribution of non-equilibrium
carrier recombination flows between corresponding recombina-
tion centers (G-, B- and SA-centers). It is caused evidently by
the changes in these centers’ concentration. In particular, the
increase of G-band intensity at short t, can be due to the increase
of G-centers concentration, that are Cuz,, or by the decrease of
B- and SA-centers concentration. In these cases the number of non-
equilibrium carriers, which can recombine through G-centers, will
increase. Because the simultaneous concentration decrease of two
emission centers of different nature is unlikely, we can conclude
that the increase of G-band intensity is caused by the increase
of G-center number. At the same time, this increase has to result
in the decrease of both other band intensities, which is really
experimentally observed. The increase of G-center concentration at
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tp,=15-30 min is obviously caused by diffusion of Cu atoms from
Cu,Zn; _ phase into ZnS microcrystals.

To elucidate the reasons of other changes in PL characteristics
let us compare them with the changes in XRD data. As it is shown
in Fig. 5, the non-monotonic change of blue/green emission band
intensity correlates with non-monotonic shift of XRD peak posi-
tion from Cu,Zn; _, solid solution, i.e. with Cu,Zn;_, composition.
The disappearance of reflections at 20~36.3, 39 and 54.3° as well
as weakening of reflections at 20~43.2 at t;, < 30 min testify to the
decrease of Zn content in Cu,Zn; _, solid solution. Three possible
reasons can be responsible for this phenomenon: evaporation and
oxidation of Zn, if Cu,Zn,_, phase is located at the microcrystal
surface, and Zn indiffusion. Because the formation of ZnO is
insignificant at short t,, the other two processes can be prevalent
in this case. Since Zn diffusion coefficient in ZnS is high enough the
diffusion process can be pronounced.

At longer t, the decrease of Cu content in Cu,Zn;_, solid
solution is dominant, which is accompanied by the decrease of
Cu,Zn; _, related peak intensity. Because the evaporation of Zn
from Cu,Zn, _, alloy under heating always dominates, and forma-
tion of Cu-oxides phases was not observed, it can be concluded
that the main process, which leads to Cu content decrease, is Cu
diffusion into ZnS microcrystals.

Thus, the incorporation of additional Cu atoms in ZnS micro-
crystals from Cu,Zn,_, phase takes place at all t,. In this case
the increase of, at least, one Cu-related PL band intensity due
to formation of corresponding radiative centers is expected. At
the short t, this is G-band, but at t; > 30 min this is B-band.
The formation of different recombination Cu-related centers at
different t;, can be caused by the influence of Zn diffusion into ZnS
microcrystals. In fact, because the decrease of Zn content in
Cu,Zn; _x phase dominates at t;, <30 min, we can conclude that
in this case Cu diffusion into ZnS is accompanied by Zn diffusion.
At the same time, the decrease of Cu content in alloy prevails at
tp, > 30 min, which implies Cu diffusion to be dominant.

These facts allow explaining the dependence of PL character-
istics on t, by the next way. It is well known that the relation of
blue/green emission bands intensities upon doping depends on the
relation of Cu/coactivator concentration Ncy/N¢ [12]. If Neu/Ne< 1,
green emission is observed. At the same time, blue emission
appears when Ncy/Nc.>1. In this case formation of Cuz,-Cy;
complexes, that are centers responsible for blue emission [32],
can takes place due, apparently, to Cu self compensation, i.e.
compensation of Cuz, acceptors by Cu; donors. Since Zn; can play
role of coactivator, the relation N¢u/N. <1 is obviously realized at
short t;. This will result in the enhancement of green emission and
the shift of PL band to the long wavelength side. At long t, Cu
diffusion from alloy dominates. Thus, in this case the relation N,/
N, > 1 takes place, which leads to enhancement of blue emission
band and to the shift of PL band position to the short wavelength
side. The increase of Cu; concentration in ZnS due to Cu diffusion
from Zn,Cu, _, phase can also result in the formation of complexes
Cuz,—Cuy; with G-centers which were present in ZnS. This has to
lead to the decrease of G-centers concentration. Thus, the decrease
of G-band intensity at t; > 30 min is apparently caused not only
by the increase of B-center number but also by the decrease of
G-center concentration. The latter can be the main reason of
the increase of SA-band intensity, while two reasons (decrease of
G-centers and increase of B-center concentration) determine the
enhancement of B-band. This is confirmed by the more pronounced
increase of B-band intensity in comparison of SA-band one.

Thus, the presence of Cu,Zn;_, phase, which was formed
during synthesis of ZnS:Cu powder, is responsible for dependence
of its PL characteristics on heating time. The formation of this
phase is caused obviously by the fast reaction between free Zn
and Cu, so the formation of Cu,Zn,_, phase occurs faster than

complete incorporation of Cu into ZnS microcrystals. It should be
noted that additional annealing of ZnS:Cu powder, which contains
Cu,Zn _, phase, allows controlling the relation between intensi-
ties of green and blue Cu-related bands. On the other hand, its
presence should be taken into account when Cu doped powders
are submitted to additional thermal treatment.

5. Conclusions

The luminescencent and structural characteristics of the
powder-like ZnS:Cu prepared by SHS from the mixture of Zn, S
and CuCl and influence of annealing at 800 °C on them were
investigated. In XRD patterns Cu,Zn;_, phase was revealed in
addition to ZnS cubic and hexagonal phases. PL spectra demon-
strate a broad band, which is the superposition of blue and green
Cu-related bands as well as self-activated one.

It was found that annealing results in next changes of ZnS powder
phase composition which depend on heating time to annealing
temperature: the decrease of ZnS hexagonal phase content and the
increase of cubic one, the appearance and increase of ZnO phase
content as well as non-monotonic change of Cu,Zn; _ alloy composi-
tion. It is shown that oxidation process is anisotropic and more
pronounced for hexagonal ZnS phase. The change of XRD coherent
domain size in both ZnS phases testifies to the anisotropic character of
ZnS phase transformation. In PL spectra the non-monotonic shift of PL
peak position versus heating time is found. It is shown, that this shift is
caused by the changes in concentrations of recombination centers
responsible for green and blue Cu-related bands and correlates with
the change of Cu,Zn;_, phase composition. The model that explains
the changes of PL characteristics by diffusion of Zn and Cu into ZnS
microcrystals from Cu,Zn; _, alloy is proposed.
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