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Doped ZnS materials exhibit excellent optical and electrical properties, making them a superior material for alternating
current (AC) thin film electroluminescent devices, solar panels, light-emitting diodes, laser diodes and other
luminescent device designs and fabrications. This study involves the hydrothermal synthesis of nanocrystalline Cu-
doped ZnS materials without a surfactant and using two surfactants — hexadecyltrimethylammonium bromide (HTAB)
and sodium dodecyl sulfate (SDS). The structure, morphology and elemental content of the synthesized nanopowders
were characterized by X-ray powder diffraction, X-ray absorption spectroscopy (XAS), scanning electron microscopy
and energy-dispersive X-ray spectroscopy (EDX) techniques, while the optical properties were studied by
photoluminescence (PL) spectroscopy. The sizes of the nanocrystallites in all the synthesized samples were below 20
nm. XAS results suggest that Cu ions substitute Zn ions in cubic zinc blende ZnS structure and are located in a locally
distorted environment. The addition of a surfactant allows control of the morphology of the particles and their

photoluminescent properties.
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1. Introduction

Over the past several years, the photoluminescent, electrolu-
minescent and catalytic properties of type II-VI crystalline
semiconductors have been extensively studied. One of the most
common materials is the low-cost, non-toxic and environmen-
tally friendly zinc sulfide (ZnS) [1]. Its properties change sig-
nificantly when transition metal ions are incorporated into the
host crystal lattice. The optical and electrical properties of zinc
sulfide materials doped with other elements make it an important
material for the production of devices such as alternating current
thin film electroluminescent (ACTFEL) devices, solar cells [1], flat
screens and displays, laser diodes or light-emitting diode lamps
[2], and in chemo/biosensing applications [3].

New methods of synthesis are still being developed for doped
ZnS materials in order to obtain optimal structure, morphology
and optical properties. An effective and environmentally friendly
nanomaterial synthesis method is the hydrothermal method. Itis
based on the fact that water and aqueous solutions can dis- solve
highly insoluble materials at high temperatures under high
pressure [4]. This technique could be used for ACTFEL device
production as a transparent light-emitting layer, as well as in-
creasing the number of available visible light emission colors. The

improvement of the transparency of ACTFEL panels still remains
a significant challenge [5].

Many studies report that ZnS crystalline phase composition,
crystallite size and distribution have a great influence on the
transparency of a material [6-10]. Bulk ZnS crystallizes in two
phases — the cubic phase (zinc blende or sphalerite), which is sta-
ble at room temperature and normal pressure, and a metastable
hexagonal (wurtzite) phase, existing at temperatures above
1020 °C [11]. Many studies show that the ZnS hexagonal phase
exhibits photoluminescence with greater intensity than the cubic
phase [12]. However, Chen et al. have demonstrated that the
hexagonal phase decreases the optical transparency by causing
birefringence [7].

In this study, we outline the synthesis of ZnS:Cu using a
surfactant-assisted hydrothermal method. The effect of different
surfactants on the particle structure, morphology, agglomeration
and elemental composition was identified using X-ray diffraction
(XRD), X-ray absorption spectroscopy (XAS), scanning electron
microscopy (SEM) and energy-dispersive spectroscopy (EDX). Ad-
ditionally, the optical properties were studied by photolumines-
cence spectroscopy (PL).

2. Materials and methods
2.1. Materials

Zinc chloride (ZnClz, purity 99.9%; Supelco), zinc acetate di-
hydrate (Zn(CHsCOO)2:2H20, purity 99.5%; Alfa Aesar), sodium
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Fig. 1. X-ray diffraction patterns of the hydrothermally synthesized ZnS:Cu powders.

sulfide (NaSz.9H:20, purity 98%; Acros Organics) and thiourea
(CS(NHz)2, purity 99.9%; Carl Roth GmbH + Co. KG) were used as
the main precursors for the ZnS synthesis. Copper(ll) sulfate
pentahydrate (CuSO4 5H20, purity 97%; Sigma Aldrich) was used as
a dopant source. The reaction was carried out in deionized (DI)
water (H20, 99.5%; electroconductivity 18.2 MQ/cm at 25 °C; TOC
(Total Organic Carbon) < 20 ppb; microorganisms < 10 CFU/ml;
heavy metals < 0.01 ppm; silicates < 0.01 ppm; total solids con- tent
<0.03 ppm) media. Hexadecytrimethylammonium bromide (HTAB,
purity 99.9%; Merck) and sodium dodecyl sulfate (SDS, purity 98%;
Fluka) were used as surfactants. Ethanol (C2HsOH, purity 96%;
Supelco) was used for the storage of the synthesis product as a
suspension. All the chemicals were used without any further
purification.

2.2. Synthesis

1.5 at.% Cu-doped ZnS materials were synthesized by the hy-
drothermal method (Table 1). First, two solutions (A and B) were
prepared separately at room temperature under constant stirring.
Solution A was prepared by dissolving ZnCl 20r Zn(CH3COO)2 2H20
(0.197 M) in 45 mL DI water. After 15 min, 0.2 mmol of CuSOs+ 5H-0O
(0.003 M) was added. 15 min after the complete dissolution of
metal salts, the surfactant HTAB (0.01 M) or SDS (0.01 M) was
added to the solution. Solution B was prepared by dissolving
NaS2.9H20 or CS(NH2)2(0.17 M) in 45 mL DI water. Both solutions
were stirred at room temperature with a constant speed for
45 min to obtain a transparent homogeneous solution. Then, solu-
tion A was poured into the Teflon-lined stainless-steel autoclave,
after which solution B was dropwise added to the mixture (with-
out stirring), and the autoclave was tightly sealed. Subsequently,
the hydrothermal reaction was carried out at 160 °C temperature
for 22 h with a heating rate 5 °C min ~'in a laboratory heating-
drying oven Nabertherm TR 60. After the hydrothermal reaction,
the mixture was naturally cooled down and a greyish-green sol
was obtained. The ZnS materials were separated from the solvent
by centrifugation and purified by washing them 6 times with 15
mL DI water for 30 min at 9000 rpm.

Table 1

Reagents used for hydrothermal synthesis.
Sample Zinc precursor Sulfur precursor Surfactant
N1 ZnCl2 Na25-9H0 —
HTAB1 ZnClL Na2S5-9H20 HTAB
SDS1 ZnCl Na2S:9H.0 SDS
N2 ZnCl2 CS(NH2)2 -
HTAB2 ZnClz CS(NHa)2 HTAB
SDS2 ZnCl CS(NH2)2 SDS
N3 Zn(CH3COO0)22H20 Na25'9H20 -
HTAB3 Zn(CHsCOO0)2-2H20 Na25-9H20 HTAB
SDS3 Zn(CH3CO0)2-2H.0 Na25-9H20 SDS
N4 Zn(CH3COO0)2'2H20 CS(NH2)2 -
HTAB4 Zn(CH3COO0)2'2H20 CS(NH2)2 HTAB
SDS4 Zn(CH3CO0)22H20 CS(NH2)2 SDS

2.3. Characterization

The structure of undoped and Cu-doped ZnS powders was
determined by the X-ray powder diffraction (XRD) technique. The
XRD patterns (Fig. 1) were recorded using a benchtop Rigaku
MiniFlex 600 diffractometer with the Bragg-Brentano 8 -20 ge-
ometry equipped with a 600 W X-ray tube (Cu K@ radiation),
operated at 40 kV and 15 mA. The lattice parameters (a) and
crystallite sizes (D) were calculated from the XRD patterns based on
the Rietveld refinement method (Table 2), performed using the
Profex code [13].

A scanning electron microscope (SEM), Thermo Fisher Scien-
tific Phenom Pro operated at 10 kV voltage, was used to examine
the morphology of all the samples in the full backscattered (BS)
mode. A SEM Thermo Fisher Scientific Helios 5 UX was used for
extra examination of samples N1, N3, HTAB1, HTAB3, SDS1 and
SDS3 in the secondary electron (SE) mode. The elemental
composition of all the samples was studied by the same SEM
using energy dispersive X-ray spectroscopy (EDX). The SEM was
operated at 2 kV voltage for imaging and during the elemental
analysis at 30 kV. Additionally, a focused ion beam (FIB) was used
for dissection of the nanoparticles.

Photoluminescence (PL) measurements were performed atroom
temperature using a YAG laser FQSS266 (CryLas GmbH)



Table 2

The phase composition (c-cubic, h-hexagonal), lattice parameter a A), crystallite size D (nm) and R-
factors obtained by the Rietveld refinement of the XRD patterns.

Sample Phase a, A D, nm Rwp, %  Rexp, %
N1 100% (c) 5.408(2) 14.9(2) (c¢) 10.5 2.5
HTAB1  98.4(2)% (c), 1.6(2)% (ZnO h) 5.405(2) 10.4(2) (c) 8.4 2.6
SDS1 100% (c) 5.410(2) 15.3(2) (c) 13.1 2.5
N2 33.6(7)% (c), 66.4(7)% (h) 5.410(2) 12.5(2) (¢), 4.4(2) (h) 7.1 2.3
HTAB2  47.2(2) % (c), 52.8(2)% (h) 5.4102) 11.2(2) (), 7.1(2) (h)  12.6 2.2
SDS2 49.8(2)% (c), 50.2(2)% (h) 5.400(2) 5.6(2) (c), 3.4(2) (h) 7.4 2.3
N3 100% (c) 5.409(2) 14.4(2) (¢) 10.3 2.5
HTAB3  100% (c) 5.401(2) 6.8(2) (¢) 8.1 2.4
SDS3 100% (c) 5.410(2) 16.6(2) (c) 10.7 2.6
N4 98.4(2)% (c), 1.6(2)% (ZnO h) 5.400(2) 4.8(2) (¢) 12.6 2.3
HTAB4 100% (c) 5.400(2) 4.6(2) (c) 9.1 2.4
SDS4 99.1(2)% (c), 0.89(2)% (ZnO h) 5.400(2) 5.6(2) (c) 14.0 2.2

4th harmonic at 266 nm (4.66 eV). All samples were pressed into
pellets of equal size, which made it possible to compare the PL
intensity between the samples. The PL spectra were recorded
using an Andor Shamrock B-303i spectrograph equipped with a
CCD camera (Andor DU-401A-BV).

X-ray absorption spectroscopy was used to probe the local
environment around the Zn and Cu ions in the Cu-doped ZnS
powders. The experiments were performed in transmission (at
the Zn K-edge) and fluorescence (at the Cu K-edge) modes atthe
DESY PETRA-III P65 Applied XAFSbeamline [14]. PETRA-III stor-
age ring operated in the 40 bunch top-up mode with an energy of
6 GeV and current of 100 mA. The synchrotron radiation was
monochromatized using a fixed-exit double-crystal monochro-
mator Si(111) and the harmonic reduction was achieved using Rh-
coated silicon plane mirrors. The X-ray intensity before and after
the sample was monitored using two ionization chambers and the
X-ray fluorescence was simultaneously measured using a
passivated implanted planar silicon (PIPS) detector (Canberra).
The samples were prepared as pellets by mixing the ZnS:Cu pow-
der with cellulose and measured in a liquid helium flow cryostat
(Janis Research Company, LLC) at 10 K to reduce the effect of
thermal vibrations. The sample thickness was optimized to obtain
an absorption Zn K-edge jump equal to one. The extended X- ray
absorption fine structure (EXAFS) was extracted from the
experimental X-ray absorption spectra using the XAESA code [15]
following a conventional procedure [16].

2.4. EXAFS dataanalysis

The reverse Monte Carlo (RMC) method, as implemented in
the EvAX code [17,18], was used for the analysis of the EXAFS
spectra X (k)k? for the SDS2 and SDS3 samples recorded at the Cu
and Zn K-edges. The wavenumber k is defined as k =k =

(2me/N2)(E £o) where m. is the electron mass, 7 is the Planck
constant and Eo is the threshold energy, i.e. the energy of a free
electron with zero momentum. The RMC method is based on the
evolutionary algorithm (EA), which significantly accelerates the
optimization procedure [18] and uses the Morlet wavelet trans- form
(WT) for a comparison of the experimental and calculated EXAFS
spectra simultaneously in k and R spaces [19]. Such an approach was
successfully used by us recently to study the local
environment of Zn and Mn ions in Mn-doped ZnS [20].

RMC/EA simulations were performed using the structural
model represented by the 4a 4 4a supercell (simulation box)
of the cubic zinc blende lattice [21] with the lattice pa- rameter a
5.356 A for SDS2 and a4 5.415 A for SDS3: obtained from the
Rietveld refinement of the XRD patterns. The simulation box
contained 512 atoms: 240 zinc atoms, 16 copper atoms and 256
sulfur atoms. The Cu atoms were placed so that the smallest
distance between each two of them was larger than

10 A, which ensures that the local environment around each of
the Cu atoms can relax independently in the RMC simulations.
Periodic boundary conditions were used to avoid surface-related
effects. The atoms were allowed to displace by up to 0.4 A from
their positions in the ideal zinc blende structure. The number of
atomic configurations simultaneously considered in the EA
algorithm was 32 [18].

The configuration-averaged (CA) EXAFS spectrum X (k) was
calculated at each step of the RMC/EA simulation over all the
absorbing atoms of the same type (Zn or Cu) located in the simu-
lation box. The EXAFS spectra for each atom were evaluated using
ab initio real-space multiple-scattering FEFF8.5L code [22,23], taking
into account the multiple-scattering (MS) effects up to the fourth
order. The total number of RMC steps was 5000 to guar- antee the
convergence of the structural model. The agreement between the
Morlet wavelet transforms (WTs) of the experi- mental and CA
EXAFS spectra X (kk* was used as a criterion for the model
structure optimization. The WT calculations were performed in the
k-space range of 2.8-17.0 A at the Zn K-edge and 3.0-11.0 A at the
Cu K-edge. The WT calculations in the R- space were done in the
range of 1.0-6.0 A for both absorbing atoms. Both the Zn and Cu K-
edge EXAFS spectra were fitted simultaneously using the same
structural model.

The final atomic coordinates in the simulation box were used
to calculate the radial distribution functions (RDFs), g (R). Toim-
prove statistics, ten different (independent) structural models
were generated and used for the final RDFs. The mean-square
displacements (MSDs) were evaluated for the Zn, S and Cu atoms,
and the mean-square relative displacements (MSRDs) were calcu-
lated for Zn-S, Zn-Zn, Cu-S and Cu-Zn atom pairs.

3. Results and discussion
3.1. XRD

XRD patterns (Fig. 1) indicate the formation of nanocrystalline
compounds with broadened Bragg peaks. The dominant phase in
the synthesized samples is the cubic zinc blende phase [21],
with the space group F 43m (No. 216). However, the sample
HTAB2 contains, in addition, an unidentified phase that may be
associated with the thermal decomposition products of HTAB.
Samples HTAB1, N4 and SDS4 have additional wurtzite-type ZnO
phase [24] impurities, while samples N2 and HTAB2, where ZnCl2
and CS(NH>2)2 were used as starting materials, additionally con-
tain the ZnS hexagonal phase [24]. The formation of particles with
the smallest crystallite size of 3.4(2) nm occurs when the SDS
surfactant is used (Table 2). Regardless of the used surfac-
tant, nanopowders with small crystallite sizes (below 7 nm) are

produced when Zn(CHsCOO)2-2H20 or CS(NH2)2 were used.



Fig. 3. SEM image of nanoparticles in the sample SDS1.

Rietveld refinement was used to determine the values of the
lattice constant a (for the ZnS cubic phase) and the average size of
the crystallites D from the X-ray diffraction patterns (Table 2). The
lattice constant was found to be in the range of 5.400(2)-5.410(2)

A, which is close to the zinc blende value of 2 = 5.410 A [25].

3.2. SEM

The SEM images demonstrate the formation of aggregates (10
Hm) of small particles with sizes below 200 nm for samples

N1, N3, HTAB1, HTAB3 and SDS1 (Figs. 2 and 3). Since ZnCl> was
used as a starting material for the synthesis of these samples, it
can be concluded that ZnClz contributes to the formation of
nanoparticle aggregates, which was previously observed in other
studies [20,26,27].

Additionally, some of the samples contain spherical particles
with a size of a few micrometers (0.2-25 Mm). Spherical particles
formed from smaller particles (about 1 Pm) during the growth
process are observed in the samples HTAB4, SDS2, and SDS4
(Fig. 4). Previously, Yao et al. [28] reported that the sphalerite ZnS
spheres assemble in tight structures on high-temperature
surfaces and spots [12].

In the samples SDS2, SDS3 and SDS4, 0.5-10 Bm cauliflower-
like particles can also be seen (Fig. 5). This means that SDSas a
surfactant does not cause the agglomeration of particles. As
follows, the particles undergo Ostwald ripening and an oriented
attachment took place during the synthesis [29].

The most diverse formation of flower-like structures is ob-
served for the samples N2, N4, HTAB2, HTAB4 and SDS4 (Figs. 6
and 7). It is thought that the Zn(CH3COO)2.2H20 zinc source is
responsible for the formation and growth of this type of structure.
The growth mechanism was proposed by Ebrahimi et al. [30].
Multiple particles self-aggregate into nanoflakes to minimize the
surface energy. The growth of the resulting nanoflakes is man-
aged by a dissolution and recrystallization process. By changing
the synthesis parameters, for instance, the reaction time or con-
centration of the used surfactant, the size of the formed structures
can be controlled. From all the samples, where Zn(CH3COO2.2H20
was used as Zn precursor, the formation of this type of structure

Fig. 4. SEM images of spherical particles in the samples (a) HTAB4 and (b) SDS4.
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Fig. 5. SEM image of spherical particles with a highly rough surface in the sample
SDS4.

has not been detected for SDS2, but the size of these structures is
smaller for the sample SDS4 than for the other samples (1- 5
Hm) (Fig. 7). Therefore, it can be hypothesized that SDS acts as an
inhibitor for 1D crystallite growth or suppresses the formation of
flower-like structures.

For the sample N4, clusters of rod-shaped agglomerates (Fig. 8)
have been found. This type of structure could be formed as the re-
sult of successive stages of self-aggregation, oriented attachment
and Ostwald ripening stages [30].

To gain further insight into the formation of particles and their
structure, a particle of the sample SDS4 was dissected by using
FIB. It can be seen (Fig. 9) that the structure inside the particle is
solid, containing only small pores. This suggests that the particle
formation process is overall stable and the flower- like structures
are not caused by surface tension disbalance, but start to form
early on in the synthesis process and continue their growth
through the process.

Table 3
Elemental composition determined from EDX data.

Sample Zn, at% S, at% Cu, at%

N1 51+ 7 49 =7 0.70 £ 0.10
HTART 55 = 33 45 = 32 0.80 = 0.60
SDS1 48 + 4 51 + 4 0.63 =+ 0.14
N2 53 = 10 44 + 11 3.50 = 1.00
HTAB2 48 + 14 48 += 13 450 = 1.60
SDS2 59 + 7 41 + 7 0.83 + 0.14
N3 50 £ 1 49 £ 2 0.80 = 0.30
HTAB3 52 + 27 46 = 29 1.20 = 1.30
SDS3 48 + 4 51 £ 3 0.70 =+ 0.40
N4 51 £ 7 48 £ 6 1.00 %= 2.00
HTAB4 53 += 11 46 = 12 1.30 = 1.00
SDS4 55 + 23 43 + 23 1.50 + 0.90

3.3. EDX

EDX data (Table 3) confirm that the ratio of Zn to S is close to
1:1 for all the samples. Samples HTAB2, SDS1 and SDS3 have a
higher S content than that for Zn, while all other samples have
the highest Zn content of all elements (seen also as S: interstitials
in the photoluminescence data below). Among all the samples
obtained by the hydrothermal synthesis without adding any
surfactants and with the addition of HTAB, the highest copper
concentration was found in sample N2 (3.5+1.0 at.%) and sample
HTAB2 (4.5 L6 at.%), where both ZnCl2 and CS(NH2)2 were used
as starting materials. In all four cases, it was found that the
addition of HTAB contributes to an increase in the concentration
of Cu. This allows us to assume that the type of surfactant used
for the synthesis plays a vital role in the resulting Cu concentra-
tion. Regardless of the addition of surfactants, the lowest copper
content was determined in systems N1 (0.7040.10 at.%), HTAB1
(0.8 0.6 at.%) and SDS1 (0.63 0.144at.%), where ZnCl2 and Naz2S
9H2Q were used as starting materials. For the series of samples
where SDS was added, the Cu concentration in all the samples is
close and does not exceed 1.5 at.%.

3.4. Photoluminescence

The dependence of the integrated photoluminescence inten-
sity on the method of synthesis and the copper concentration, as
determined by EDX measurements, is shown in Fig. 10. Over- all
the highest luminescence intensity was seen for samples in

Fig. 6. SEM image of flower-like structures in the samples (a) N4 and (b) HTAB2.
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Fig. 8. SEM image of a cluster of rod-shaped agglomerates in the sample N4.

group 4, which were synthesized using the Zn(CH3COO)2 2H20 zinc
precursor and CS(NH2)2 sulfur precursor, with N4 showing the most
intense luminescence and HTAB4 and SDS4 having high
intensities as well. Sample SDS2 also showed a high lu- minescence
intensity, however, the luminescence from samples N2 and HTAB2
was significantly less intense, possibly due to concentration
quenching at higher Cu at% values.

Deconvolution of the photoluminescence spectra into Gaus-
sian bands was performed and is shown in Fig. 11. Samples  in
group 4, which showed the highest luminescence intensity, also
demonstrate photoluminescence spectra consisting of fewer
underlying bands than the rest of the samples. The PL spectra of
samples N4 and HTAB4 consist of a single band at 2.08 and 2.12
eV, respectively, and the PL spectrum of SDS4 has two bands at
2.10 and 2.75 eV (Fig. 11(d)).

In a study by Curcio et al. [31], five mechanisms of pho-
toluminescence emission in ZnS:Cu were proposed and are as
follows:

(1) 2.00 eV — CuT1 level to the °A1 level;
(2) 2.13 eV — ZnS conduction band to Zn vacancy;

Table 4
Position (in eV) of the bands obtained by Gaussian deconvolution.

Cu VZn Vs Zni Si S+/Znx
N1 2.33 2.85
HTAB1 2.1 2.62 2.78 3.35
SDS1 2.22 2.83 3.3
N2 23 2.85 3.3
HTAB2 2.19 2.8 3.24
SDS2 2.09 2.57 2.85
N3 2.2 2.73 3.25
HTAB3 2.18 2.78 3.3
SDS3 2.33 2.85
N4 2.08
HTAB4 2.1 2.75
SDS4 2.12

(3) 2.37 eV — sulfur vacancy to ZnS valence band;
(4) 2.59 eV - zinc interstitial to ZnS valence band;
(5) 2.83 eV — ZnS conduction band to sulfur interstitial.

In our study, we found that the Gaussian deconvolution bands
can be grouped into six non-overlapping ranges with the emis-
sion energies of (1) 2.08-2.12 eV, (2) 2.18-2.22 eV, (3) 2.30-
2.33 eV, (4) 2.57-2.62 eV, (5) 2.73-2.85 eV and (6) 3.24-3.35 eV,
as shown in Table 4.

A significant difference of around 0.1 eV can be seen between
the proposed energies by Curcio et al. and our results in the first
group, where we assume the emission occurs in Cu ions due to
the transition *T1 “A1. Here we reason that since samples N4 and
HTAB4 demonstrate only one Gaussian band and have the
highest integrated luminescence intensities (an indication that
there are few intrinsic defects in the ZnS:Cu structure), the ob-
served luminescence arises due to the transition “T+°A1 rather
than ZnScs—Vzn. Additionally, due to a mixture of cubic and
hexagonal phases, an increase of the band gap from 3.68 eV in the
cubic phase to 3.77 eV in the hexagonal phase is possible [32].

An additional band located at 3.24-3.35 eV (Table 4) is ob-
served for samples in the first three groups. It is suggested that its
cause is the trapping and recombination of electrons with holes
due to sulfur or zinc defect states [33-35].

The obtained data show that the most abundant defect is the
interstitial sulfur defect Si. The origin of this defect is explained as
being due to the larger ionic size of sulfur ions (1.7 A) compared
to zinc ions (0.74 A), causing more strain in the ZnS lattice, which
leads to lower binding energy in the electron levels produced by
interstitial sulfur [36].
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Fig. 9. SEM image of a dissected particle in the sample SDS4.
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Fig. 10. Dependence of the integrated photoluminescence intensity on the
method of synthesis and Cu concentration.

The overall luminescence is more intense in samples con-
taining larger particles. Indeed, the samples SDS2, N4, HTAB4
and SDS4, having micrometer sized particles, demonstrate the
strongest luminescence. This means that surface defects play a
significant role in the luminescence properties and the lumines-
cence is stronger when the volume-to-surface ratio of particles
increases. The high luminescence output of these samples also
suggests that the surfactant affects the photoluminescence inten-
sity and spectrum less than the zinc and sulfur precursor choice.
However, the rest of the defects, such as Vzu, Vs, and Zni, offer no
clear correlation and might be the result of a complex interaction
between the chosen precursors and surfactants.

The CIE 1931 color space diagram is shown in Fig. 12. It can be
seen that samples N4, HTAB4 and SDS4 lean into the orange end
(d-d transitions in Cu ions) of the diagram, as is expected by their
single (and double for HTAB4) Gaussian bands at 2.08, 2.10 and
212 eV ( 2.73 eV). Samples SDS1 and SDS3 visually show a
slightly green emission that is more indicative of intrinsic defects
in the structure rather than Cu photoluminescence.

3.5. Translucency

All the samples were pressed into ceramic pellets with a
diameter of 5 mm and a thickness of 0.2 mm. Samples N3 and
HTAB3 showed visible translucency, as shown in Fig. 13. Sample
SDS3 also showed an inclination to translucency, however it was
too dark to transmit light under normal conditions. The rest of the
samples were completely opaque. This can be explained by SEM

images showing that samples N3 and HTAB3 consist of nanopar-
ticles as opposed to microparticles seen in the other samples, and
samples N3, HTAB3 and SDS3 being of the pure cubic phase. Chen
et al. have demonstrated that the hexagonal phase decreases the
optical transparency by causing birefringence [7].

3.6. EXAFS

EXAFS spectra were measured for the SDS sample series. Very
similar spectra were obtained for samples SDS1 and SDS3, and
samples SDS2 and SDS4. Although the SDS4 sample has ahigher
PL intensity than SDS2, it also shows an additional ZnO phase
revealed in the XRD data. Therefore, SDS2 and SDS3 samples
were selected and analyzed in detail. The results of the RMC
simulations of the Zn and Cu K-edge EXAFS spectra X (k)k* of SDS2
and SDS3 samples measured at 10 K are shown in Fig. 14. Good
agreement between the experimental and calculated spectra is
observed in the k and R spaces as well as in the WT(k,R)-space
within one structural model with the zinc blende ZnS crystallo-
graphic structure [21] and lattice parameters obtained by XRD.
The obtained result suggests that copper atoms substitute zinc,
nevertheless, the substitution is accompanied by local distortions.
Two differences are well visible. Firstly, the amplitude of the
EXAFS oscillations at the Zn K-edge is larger for the SDS3 sample
than for the SDS2 sample. Also, the amplitude of peaks in the
Fourier transform of the EXAFS spectrum is significantly larger for
the SDS3 sample, especially for outer coordination shells located
at long distances. This result correlates well with a larger size of
the crystallites in the SDS3 sample compared to that in the SDS2
sample (Table 2). Secondly, the EXAFS oscillations at the Cu K-
edge are rather close in both samples and differ from that at the
Zn K-edge suggesting the presence of a disordered environment
around the copper atoms. In fact, the second peak in the FTs at
about 3—4 A has a smaller amplitude at the Cu K-edge.

More quantitative structural information on the short-range
order around the Zn and Cu atoms was obtained from the analysis
of the atomic coordinates in the RMC simulation box. The partial
radial distribution functions (RDFs) g (R) were calculated for the
first three coordination shells of the metal atoms and these are
shown in Fig. 15. The values of the mean-square displacements
(MSDs) for the Zn, S and Cu atoms, and the mean-square relative
displacements (MSRDs) for Zn-S, Zn-Zn, Cu-S and Cu-Znatom
pairs were also evaluated and are reported in Table 5.

Several conclusions can be drawn from the analysis of the RDF
shapes. The RDFs for Zn-Si, Zn-Zn: and Zn-S3 atom pairs
corresponding to the first three coordination shells of zinc have
narrower peaks for the SDS3 sample, which has larger sizes of the
crystallites (Table 2). The peak broadening in the SDS2 sample,
having about four times smaller sizes of the crystallites, is related to
the structural relaxation of a large number of atoms located
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Table 5

The mean-square displacements (MSDs) for Zn, S and Cu
atoms, and the mean square relative displacements (MSRDs)
for Zn-S, Zn-Zn, Cu-S and Cu-Zn atom pairs in SDS2 and
SDS3 ZnS:Cu samples obtained from the RMC simulations.
The coordination shell number is indicated as a subscript.
Values of MSD and MSRD are in A2,

SDS2 SDS3
MSD(Zn) 0.15 0.09
MSD(Cu) 0.22 0.24
MSD(S) 0.15 0.11
MSRD(Zn-S1) 0.009 0.005
MSRD(Cu-S1) 0.010 0.008
MSRD(Zn—Zn2) 0.020 0.006
MSRD(Cu-Zn2) 0.039 0.031
MSRD(Zn-S3) 0.020 0.008
MSRD(Cu-Ss) 0.028 0.031
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 at the surface of the nanoparticles or near it, that leads to an
u increase in static disorder. At the same time, the broadening of
RDFs for the Cu-S and Cu—Zn atom pairs is comparable in both
Fig. 12. CIE 1931 color space diagram. samples, indicating similarities of the short-range order around

impurity copper ions. Notably, the local environment of the cop-

' per ions is more distorted than that of zinc, especially in the SDS3

% sample. More quantitatively, the observed disorder effects can be

Materia ls UL ISSP Optlcal | described in terms of the MSD and MSRD factors (Table 5). The

value of the MSD for Cu is 1.5 (2.5) times larger than for Zn in the

SDS2 (SDS3) sample. This fact is indicative of local disorder

Mate rl‘ UL ISSP ‘ical | induced by the substitution, leading to the wider distribution of
a) b) interatomic distances reflected by the MSRD values.

Finally, the relaxation of the local environment around the Cu
ions results in different interatomic bond lengths in the first
coordination shell of the metal cations. In both samples, the in-
teratomic distances are equal to R(Cu— S1) = 2.25(2) A and R(Zn-
S1) =2.33(2) A. This difference (0.08 A) is somewhat larger than
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Fig. 13. Pressed ceramic samples (a) HTAB3 and (b) N3.
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the one expected from the difference in the ionic radii (0.03 A) for
the four-fold coordinated cations, r (Cu®**) =0.57 A and r(Zn**) =
0.60 A. Note that the difference in the positions of the second and
third coordination shells of the Cu and Zn ions is negligible.

4. Conclusions

ZnS:Cu samples were synthesized using the hydrothermal
method from ZnClz and Zn(CHsCOO)2 2H20 zinc precursors in
combination with CS(NH2)2 and Na2S .9H20 sulfur precursors.
Additionally, the samples were also prepared with and without
surfactant, SDS or HTAB.

XRD data show that the cubic zinc blende phase is prevalent in
most samples, except in samples N2, HTAB2 and SDS2. Samples
N3, HTAB3 and SDS3 contained only the cubic phase. Moreover,
the analysis of SEM images indicates that samples N3 and HTAB3
consist of nanoparticles. Overall, it was seen that the hexagonal
phase decreases translucency and the most translucent samples
were of 100% cubic phase, as was expected according to the
literature. However, the phase is not the only determinant of the
resulting optical properties and the morphology of the samples
plays an equally significant role in the production of translucent
ceramics.

SEM images of a particle dissection in sample SDS4 show that
the internal structure of the spherical particles is solid with small
pores. This suggests that the particle formation process is stable.

Photoluminescence spectra were deconvoluted into a set of
Gaussianbands, whose origin was interpreted based on published
data. It was found that intrinsic defects were abundant in all
samples except for N4 and SDS4, in which only a single band for

the transition *T1 %A1 in Cu ions was seen. The overall lumines-
cence was higher for samples containing larger particles, with the
presence of micrometer-ranged particles in SDS2, N4, HTAB4 and
SDS4 leading to a high luminescence intensity as compared to the
rest of the samples. This means that a significant amount of de-
fects is located at the surface of particles, leading to luminescence
quenching in particles with higher surface-to-volume ratios.

The local atomic structure of ZnS:Cu nanoparticles (samples
SDS2 and SDS3) was studied by X-ray absorption spectroscopy at
the Zn and Cu K edges. Analysis of the Zn and Cu K-edge EXAFS
spectra recorded at 10 K using the reverse Monte Carlo method
confirmed that copper ions substitute zinc ions in the cubic zinc
blende structure. The difference in ion sizes is responsible for the
shorter interatomic distances Cu-S (2.25(2) A) compared to Zn-S
(2.33(2) A). The local structure relaxation around the metal
cations is larger in smaller nanocrystallites and is responsible for
the large values of the MSD factors for Zn and Cu atoms,
calculated relative to the ideal positions of atoms in the zinc
blende structure. The short-range order around the copper ions is
distorted compared to that around zinc ions, which results in a
wider distribution of Cu-S distances as reflected by the large
values of the MSRD factors.

In conclusion, the addition of a surfactant or choice of precur-
sors allows for control of the morphology and optical properties
of ZnS:Cu nanopowders, which can potentially impact their use
in electroluminescent devices.
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