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Abstract. Fine-dispersed ZnS doped with Cu was prepared using self-propagating high-
temperature synthesis. In the photoluminescence excitation spectra, the blue shift of the
host lattice excitation peak is observed for powder ZnS:Cu that contains nano- and meso-
sized (submicron) particles. The obtained spectra indicate that radiative recombination in
meso-sized particles is significantly reduced as compared to micro-sized particles, which
can be caused by the increase of non-radiative relaxation processes in surface states.
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1. Introduction

At the present stage of development of electronics,
optoelectronics and computer technologies, many efforts
are made in searching new materials for functional
elements of integrated circuits, storage media,
photovoltaic cells, light-emitting elements, etc. Among
newly developed materials, a special place is occupied
by those containing nanoscale particles of metals and
semiconductors, including oxides, sulfides, etc. Due to
their specific electronic structure, materials based on
quantum dots are promising candidates for numerous
applications. However, despite the significant amount of
currently existing experimental and theoretical works
concerning quantum dots, we are still far from complete
understanding of physical mechanisms of electron
interactions in real nanoparticles and nanomaterials. This
problem is also actual for a kind of fine-dispersed
materials in which the particle size is intermediate
between bulk material and quantum dots, i.e. those
materials in which the quantum-sized effects are not
fully developed.

Among semiconductor luminophors that have been
practically applied, ZnS has a special place. The
industrial use of activated ZnS for over 70 years
stimulated more profound study of its physical
characteristics defining a variety of Iuminescent
properties of this material [1-7]. Nowadays, properties of
luminescent centers formed by copper [4-9] and other
impurities [10-13] in ZnS have been studied so well that
the behavior of impurity atoms in these crystals can be
reliably monitored by fluorescent techniques.

Among a variety of methods for synthesis of ZnS,
including ZnS nanoparticles, a significant interest is
attracted to single-stage synthesis methods. In particular,
the method of self-propagating high-temperature synthesis
(SHS) is actively developed as a promising one for
production of ZnS-based luminophor materials [14, 15].
The replace of traditional oven-based technologies by
SHS significantly changes the approaches to preparation
of solid materials with predetermined luminescent
properties, including the processes of synthesis and
subsequent treatment. Technological capabilities of SHS
are relatively broad, because SHS allows to grow single
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crystals and powders, including nanoscale materials, with
“popular” sizes of about 1...5 nm, with doping performed
during the synthesis.

The aim of this work was to test the possibilities of
self-propagating high-temperature synthesis techniques
for production of fine-dispersed ZnS:Cu luminophors
with a different content of micro-, meso- and nano-sized
particles, and to study their luminescent properties.

2. Experimental procedure
and characterization of samples

In this work, for the synthesis of ZnS:Cu by using the
SHS method the ingredients Zn and S were taken in
stoichiometric ratio, and the concentration of Cu in the
mixture was about 1 wt.%. The batch materials were of
analytical grade qualifications. The fine-dispersed
materials of interest were collected in the traps installed
inside the SHS-reactor at different distances from the
reaction zone. By choosing geometry of the reactor and
positions of the traps, powder materials with a variable
content of micro- and nano-sized particles were obtained.
As a sample with prevailing micro-sized particles, the
powder ZnS:Cu from the reaction zone was used.

The photoluminescence (PL) and photo-
luminescence excitation (PLE) spectra were recorded at
room temperature using an SDL-2 spectrometer. For
PLE spectra, excitation was performed with the use of a
DKSSh-150 xenon lamp and MDR-12 monochromator.
For PL spectra, an LGI-21 nitrogen laser (A = 337 nm)
was employed, working with the repetition rate of 100
pulses per second. Since this work is focused on
comparison of luminescent properties of the same
material obtained under different synthesis conditions,
the PL spectra were not corrected for spectral sensitivity
of the used equipment.

Electron microscopic studies were performed on a
Mira 3 LMH FE Scanning Electron Microscope (Schottky
field emission gun, FESEM) Tescan. To obtain images of
surfaces of the conductive samples, a scanning procedure
was performed in a vacuum chamber under the residual
gases pressure of 10 Pa. Maximal resolution was about
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1 nm. Fig. 1 shows typical SEM images for fine-dispersed
materials obtained under different synthesis conditions.
As seen from the images, the synthesized particulate
materials are mixtures of fractions of particles of different
sizes, including nanoparticles and particles of micron and
submicron sizes.

3. Results and discussion

Fig. 2 shows the PL spectra of ZnS:Cu, synthesized
using the SHS method. Curve / in Fig. 2 corresponds to
material from the reaction zone, where the micro-sized
particles are dominant (see Fig. 1a), and curves 2 and 3
in Fig. 2 correspond to the content of the traps, where
the particles of meso- and nano-sized are present in a
large quantity (see Fig. 1b).

Every spectrum shown in Fig. 2 consists of a broad
band without visible signs of structure in the blue-green
spectral  region with the peak position at
Amax ~500...525 nm, which is typical for ZnS doped with
Cu. It is well known [1, 2, 16] that the blue-green PL
spectrum of ZnS:Cu has a hidden structure and usually
consists of several Cu-related and self-activated bands.
The nature of luminescence centers responsible for blue
and green emission in ZnS:Cu was extensively studied in
[1, 2, 17-22]. The green Cu-related band
(Mmax ~510...525 nm) is assigned to the luminescence
center corresponding to Cu as a substitute for Zn in the
ZnS lattice [1, 2, 18]. The center responsible for blue
Cu-related band with A, ~470 nm is attributed to the
associates of a kind of a short-distance donor-acceptor
pair Cu;-Cug, [1, 2, 21] or a complex comprising Cug,-
Cug, [18-20]. In the blue-green spectral region, there are
also bands related to oxygen centers [1, 18, 22] and self-
activated bands of ZnS [1, 2, 19, 20].

The main difference between the PL spectra shown
in Fig. 2 is in the position of the maxima and in the
bandwidth. Whereas the PL spectrum of the material
obtained in the reaction zone (Fig. 2, curve /) is a sym-
metrical band with the maximal emission at the wave-
length Ap.x~520 nm and halfwidth AA ~ 80 nm, the
spectra of materials from traps (Fig. 2, curves 2 and 3)
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Fig. 1. SEM-images of SHS-synthesized ZnS:Cu powder from the reaction zone (a) and from the trap located at the maximal

distance from the reaction zone (b).

© 2014, V. Lashkaryov Institute of Semiconductor Physics, National Academy of Sciences of Ukraine

375



Semiconductor Physics, Quantum Electronics & Optoelectronics, 2014. V. 17, N 4. P. 374-379.

1 a —o—1|{ 5limm —=3
- —0=—2 |1Db e |
g ——3 | ——G
3’: ] 505 nm 520 nm
8] ' B
Y ;

440 480 520 560 600 440 480 520 560 600

Wavelength (nm) Wavelength (nm)

Fig. 2. PL spectra of SHS-synthesized ZnS:Cu. (a) spectra /-3 are normalized to the maximal intensity, (b) spectra / and 3 are
linked at the long-wave wings (within the spectral range marked as AB). Curve / corresponds to the material from the reaction

zone, curves 2 and 3 — to the material from the traps.

have Apx~510nm and halfwidth AA~ 60 nm.
According to [8, 9], the position of the maximum in PL
spectra of ZnS:Cu depends on the ratio of intensities of
blue and green bands, which in turn is determined by the
ratio of concentrations of different centers formed by
copper [1, 2, 17-22]. During the SHS procedure, thermo-
dynamic conditions of formation of fractions with
different particle sizes can be different; hence,
localization of Cu in the mentioned fractions can also
differ. That is why we suggest that the observed
peculiarities of PL spectra of fine-dispersed ZnS:Cu
(Fig.2) can be explained (at least partly) by
redistribution of the intensity of blue and green Cu-
related bands. However, redistribution of intensities of
individual emission bands seems to be not a unique
cause of the observed changes of A, in PL spectra.

According to the SEM data, materials synthesized
in the reaction zone and in the traps contain several
fractions of particles (micro-, meso-, and nano-sized)
with the fraction volume ratio depending on the
synthesis conditions. This circumstance provides
grounds for approximate extraction of the luminescence
corresponding to meso- and nano-fractions from the
observed PL spectra. For this purpose, the PL spectrum
of the reaction-zone material can be subtracted from the
PL spectra of materials from the traps, after preliminary
linking the spectra in the long-wave region, as it is
shown in Fig. 2, curve (3-7). As a result, the positions of
maxima of PL of meso- and nano-fractions can be
estimated (see Table).

Table. Positions (A,,.,) and position shifts (AL) of PL and
PLE spectral components.

Curve APLE ANLE AL ANE
1 340 - 520 -

2 328 12 506 15
325 15 505 14

As it is seen from Table, the position shift of PL
bands for meso- and nano-fractions is about 14...15 nm.
Such a short-wave shift of PL spectra of fine-dispersed
ZnS:Cu fractions as compared to the spectrum of the
reaction-zone material (Fig.2) can be caused by
quantum-sized effects in the nanoscale particles, which
are present in the trap-collected materials. As it is known
[23-29], particulate ZnS with particle sizes D < 5...7 nm
clearly shows the quantum-dimensional properties,
namely, the PL and interband absorption spectra of these
particles are shifted towards shorter wavelengths, and
this shift by the order of its magnitude correlates with
the observed shift of ~15 nm in the PL spectrum shown
in Fig. 2b.

In favour of the above-proposed interpretation of
PL spectra of fine-dispersed ZnS:Cu, the following PLE
data is presented in Fig.3. The PLE spectra were
recorded for the luminescence spectral intervals of about
1.3 nm surrounding the respective PL maxima: Ay, =
520 nm for curve / in Fig.3 and Ay.= 510 nm for
curves 2 and 3 in Fig. 3. Since the analysis performed is
only comparative for different fractions of particulate
ZnS:Cu, the spectra given in Fig. 3 are not corrected for
non-uniformity of spectral distribution of the radiation
source used for excitation and spectral heterogeneity of
the monochromator transmission function.

Curve [/ in Fig. 3 corresponds to the reaction-zone
material. The figure shows that the spectrum contains
the impurity-defect excitation band with A= 370 nm,
and at shorter wavelengths a curve bend is observed,
which can be assigned to interband excitation with a
typical for ZnS wavelength of 340 nm [1, 2].

As it is seen from Fig.3, the PLE spectra of
reaction-zone and trap-collected ZnS:Cu have similar
structure, including interband and impurity-defect
spectral components. It is also seen that the spectra of
trap-collected materials are shifted towards shorter
wavelengths as compared to the appropriate components
of the PLE spectrum of reaction-zone ZnS:Cu. Namely,
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for the interband PLE spectral component of the
reaction-zone sample with A= 340nm (Fig. 3,
curve /), the appropriate spectral components of PLE
spectra of trap-collected materials are located at A=
328 and 325 nm (Fig. 3, curves 2 and 3). This shift can
be attributed to quantum-sized effects in nanoscale
fractions. The observed value of shift in the PLE spectra
is in good agreement with the above-given estimation of
shift in the PL spectra (see Table). We can similarly
explain the shift of long-wave bands in PLE spectra
presented in Fig. 3. Using the results reported in [26-29],
the observed shift of the bands in PLE spectra provides
grounds for estimation of the average size of
nanoparticles close to 3 nm.

In the spectral characteristics of SHS-produced
powdered ZnS:Cu, the following circumstance attracts a
particular attention. For the materials collected in traps,
the observed PLE spectra (curves 2 and 3 in Fig. 3) do
not contain clear visible signs of the presence of the
340 nm band attributed to interband transitions in ZnS,
whereas the performed SEM studies of the trap-collected
material show the presence of a significant amount of
submicron particles. For submicron particles, quantum-
sized effects are not relevant, hence the PLE spectra of
trap-collected samples were expected to contain the band
with A~ 340 nm, at least in the form of the curve
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Fig. 3. PLE spectra of SHS-synthesized ZnS:Cu. Numbering
of the spectra corresponds to Fig. 2.
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Fig. 4. Energy diagrams for particles with n-type
conductivity and particle size D>2L (a) and 5...7 nm <
D <2L (b).

bend. The mentioned absence of the 340-nm band in the
PLE spectra of the trap-collected material indicates that
in the meso-sized particles, recombination of carriers
produced by band-band absorption is primarily realized
non-radiatively. It can be possible if: (i) abovementioned
relaxation in the meso-sized particles occurs with easy
escape of non-equilibrium carriers out of the
recombination zone, (ii) excited radiative centers are
located in the depletion zone.

Let us consider possible reasons for the increased
role of non-radiative relaxation of photo-excited carriers
in the submicron fraction of trap-collected ZnS:Cu. The
decrease in the particle size from micron to the
submicron one leads to the increase of the influence of
surface and near-surface regions on the processes
occurring inside the volume. It is plausible to suggest
that relaxation via surface states can be one of the main
mechanisms of non-radiative relaxation of photo-excited
carriers in powder ZnS:Cu [30]. As far as in this work
the investigated micro- and meso-particles are produced
within the same cycle of synthesis with the same
ingredients, we assume that the difference between these
particles is their size, whereas the properties of their
surfaces can be considered as identical. Consider a space
charge region (SCR), which is formed near the crystal
surface and impedes diffusion of photo-excited carriers
to the surface. Denote the length of SCR as L, and the
energy barrier height as E,. If a particle size D exceeds
2L, its SCR properties are the same as for bulk crystals.
The model pattern of the energy diagram is given in
Fig. 4 for the cases D>2L and 5...7nm < D <2L. As
seen from the figure, in case of 5...7 nm < D <2L, the
height and width of the barrier are reduced, which
facilitates diffusion of photo-excited carriers to the
surface and subsequent non-radiative recombination.

As shown in [31], the length of SCR in high-
resistance ZnS crystals is about 100 nm. Foreign
inclusions, defects, activators, etc. increase conductivity;
hence the length of SCR can also be significantly
increased. As follows from the SEM images given in
Fig. 1b, in the trap-collected material there are a lot of
particles with at least one dimension below the limit of
200 nm. For these particles, the condition D <2L is
satisfied, hence the above-mentioned easy escape of
non-equilibrium carriers from the particle volume to its
surface can be expected. As it can be seen from Fig. 4,
for meso-sized particles, the particle volume becomes a
region of strong depletion, where the Fermi level lies
closer to the valence band; hence the carrier sticking
occurs on the acceptor levels, and radiative
recombination becomes depressed.

4. Conclusions

The obtained results indicate that the proposed modified
SHS method (trap-equipped SHS) can be used for
production of fine-despersed materials based on ZnS:Cu.
By using this method, fluorescent powder materials
ZnS:Cu can be synthesized with a variable content of
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micro-, meso-, and nano-fractions. Observed in the
submicron fraction, enhancement of surface non-
radiative relaxation of photo-excited carriers opens a
possibility  for  prediction and correction of
characteristics of synthesized powder luminophors, as
well as for control of the properties of semiconductor
structures, for example, for making easier the transport
of carriers through the space-charge regions.
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1. Introduction 

At the present stage of development of electronics, optoelectronics and computer technologies, many efforts are made in searching new materials for functional elements of integrated circuits, storage media, photovoltaic cells, light-emitting elements, etc. Among newly developed materials, a special place is occupied by those containing nanoscale particles of metals and semiconductors, including oxides, sulfides, etc. Due to their specific electronic structure, materials based on quantum dots are promising candidates for numerous applications. However, despite the significant amount of currently existing experimental and theoretical works concerning quantum dots, we are still far from complete understanding of physical mechanisms of electron interactions in real nanoparticles and nanomaterials. This problem is also actual for a kind of fine-dispersed materials in which the particle size is intermediate between bulk material and quantum dots, i.e. those materials in which the quantum-sized effects are not fully developed. 


Among semiconductor luminophors that have been practically applied, ZnS has a special place. The industrial use of activated ZnS for over 70 years stimulated more profound study of its physical characteristics defining a variety of luminescent properties of this material [1-7]. Nowadays, properties of luminescent centers formed by copper [4-9] and other impurities [10-13] in ZnS have been studied so well that the behavior of impurity atoms in these crystals can be reliably monitored by fluorescent techniques. 


Among a variety of methods for synthesis of ZnS, including ZnS nanoparticles, a significant interest is attracted to single-stage synthesis methods. In particular, the method of self-propagating high-temperature synthesis (SHS) is actively developed as a promising one for production of ZnS-based luminophor materials [14, 15]. The replace of traditional oven-based technologies by SHS significantly changes the approaches to preparation of solid materials with predetermined luminescent properties, including the processes of synthesis and subsequent treatment. Technological capabilities of SHS are relatively broad, because SHS allows to grow single crystals and powders, including nanoscale materials, with “popular” sizes of about 1…5 nm, with doping performed during the synthesis.


The aim of this work was to test the possibilities of self-propagating high-temperature synthesis techniques for production of fine-dispersed ZnS:Cu luminophors with a different content of micro-, meso- and nano-sized particles, and to study their luminescent properties.


2. Experimental procedure 
and characterization of samples 


In this work, for the synthesis of ZnS:Cu by using the SHS method the ingredients Zn and S were taken in stoichiometric ratio, and the concentration of Cu in the mixture was about 1 wt.%. The batch materials were of analytical grade qualifications. The fine-dispersed materials of interest were collected in the traps installed inside the SHS-reactor at different distances from the reaction zone. By choosing geometry of the reactor and positions of the traps, powder materials with a variable content of micro- and nano-sized particles were obtained. As a sample with prevailing micro-sized particles, the powder ZnS:Cu from the reaction zone was used. 


The photoluminescence (PL) and photo​luminescence excitation (PLE) spectra were recorded at room temperature using an SDL-2 spectrometer. For PLE spectra, excitation was performed with the use of a DKSSh-150 xenon lamp and MDR-12 monochromator. For PL spectra, an LGI-21 nitrogen laser (λ = 337 nm) was employed, working with the repetition rate of 100 pulses per second. Since this work is focused on comparison of luminescent properties of the same material obtained under different synthesis conditions, the PL spectra were not corrected for spectral sensitivity of the used equipment. 


Electron microscopic studies were performed on a Mira 3 LMH FE Scanning Electron Microscope (Schottky field emission gun, FESEM) Tescan. To obtain images of surfaces of the conductive samples, a scanning procedure was performed in a vacuum chamber under the residual gases pressure of 10–3 Pa. Maximal resolution was about 1 nm. Fig. 1 shows typical SEM images for fine-dispersed materials obtained under different synthesis conditions. As seen from the images, the synthesized particulate materials are mixtures of fractions of particles of different sizes, including nanoparticles and particles of micron and submicron sizes.


3. Results and discussion


Fig. 2 shows the PL spectra of ZnS:Cu, synthesized using the SHS method. Curve 1 in Fig. 2 corresponds to material from the reaction zone, where the micro-sized particles are dominant (see Fig. 1a), and curves 2 and 3 in Fig. 2 correspond to the content of the traps, where the particles of meso- and nano-sized are present in a large quantity (see Fig. 1b).


Every spectrum shown in Fig. 2 consists of a broad band without visible signs of structure in the blue-green spectral region with the peak position at (max (500…525 nm, which is typical for ZnS doped with Cu. It is well known [1, 2, 16] that the blue-green PL spectrum of ZnS:Cu has a hidden structure and usually consists of several Cu-related and self-activated bands. The nature of luminescence centers responsible for blue and green emission in ZnS:Cu was extensively studied in [1, 2, 17-22]. The green Cu-related band ((max (510…525 nm) is assigned to the luminescence center corresponding to Cu as a substitute for Zn in the ZnS lattice [1, 2, 18]. The center responsible for blue Cu-related band with (max (470 nm is attributed to the associates of a kind of a short-distance donor-acceptor pair Cui-CuZn [1, 2, 21] or a complex comprising CuZn-CuZn [18-20]. In the blue-green spectral region, there are also bands related to oxygen centers [1, 18, 22] and self-activated bands of ZnS [1, 2, 19, 20]. 
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The main difference between the PL spectra shown in Fig. 2 is in the position of the maxima and in the bandwidth. Whereas the PL spectrum of the material obtained in the reaction zone (Fig. 2, curve 1) is a sym-metrical band with the maximal emission at the wave-length (max (520 nm and halfwidth Δ( ( 80 nm, the spectra of materials from traps (Fig. 2, curves 2 and 3) have (max (510 nm and halfwidth Δ( ( 60 nm. According to [8, 9], the position of the maximum in PL spectra of ZnS:Cu depends on the ratio of intensities of blue and green bands, which in turn is determined by the ratio of concentrations of different centers formed by copper [1, 2, 17-22]. During the SHS procedure, thermo-dynamic conditions of formation of fractions with different particle sizes can be different; hence, localization of Cu in the mentioned fractions can also differ. That is why we suggest that the observed peculiarities of PL spectra of fine-dispersed ZnS:Cu (Fig. 2) can be explained (at least partly) by redistribution of the intensity of blue and green Cu-related bands. However, redistribution of intensities of individual emission bands seems to be not a unique cause of the observed changes of (max in PL spectra.


[image: image6.jpg]According to the SEM data, materials synthesized in the reaction zone and in the traps contain several fractions of particles (micro-, meso-, and nano-sized) with the fraction volume ratio depending on the synthesis conditions. This circumstance provides grounds for approximate extraction of the luminescence corresponding to meso- and nano-fractions from the observed PL spectra. For this purpose, the PL spectrum of the reaction-zone material can be subtracted from the PL spectra of materials from the traps, after preliminary linking the spectra in the long-wave region, as it is shown in Fig. 2, curve (3-1). As a result, the positions of maxima of PL of meso- and nano-fractions can be estimated (see Table).

Table. Positions (λmax) and position shifts (Δλ) of PL and PLE spectral components.
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As it is seen from Table, the position shift of PL bands for meso- and nano-fractions is about 14…15 nm. Such a short-wave shift of PL spectra of fine-dispersed ZnS:Cu fractions as compared to the spectrum of the reaction-zone material (Fig. 2) can be caused by quantum-sized effects in the nanoscale particles, which are present in the trap-collected materials. As it is known [23-29], particulate ZnS with particle sizes D ≤ 5…7 nm clearly shows the quantum-dimensional properties, namely, the PL and interband absorption spectra of these particles are shifted towards shorter wavelengths, and this shift by the order of its magnitude correlates with the observed shift of ~15 nm in the PL spectrum shown in Fig. 2b. 

In favour of the above-proposed interpretation of PL spectra of fine-dispersed ZnS:Cu, the following PLE data is presented in Fig. 3. The PLE spectra were recorded for the luminescence spectral intervals of about 1.3 nm surrounding the respective PL maxima: (max = 520 nm for curve 1 in Fig. 3 and (max = 510 nm for curves 2 and 3 in Fig. 3. Since the analysis performed is only comparative for different fractions of particulate ZnS:Cu, the spectra given in Fig. 3 are not corrected for non-uniformity of spectral distribution of the radiation source used for excitation and spectral heterogeneity of the monochromator transmission function.


Curve 1 in Fig. 3 corresponds to the reaction-zone material. The figure shows that the spectrum contains the impurity-defect excitation band with (max = 370 nm, and at shorter wavelengths a curve bend is observed, which can be assigned to interband excitation with a typical for ZnS wavelength of 340 nm [1, 2]. 

As it is seen from Fig. 3, the PLE spectra of reaction-zone and trap-collected ZnS:Cu have similar structure, including interband and impurity-defect spectral components. It is also seen that the spectra of trap-collected materials are shifted towards shorter wavelengths as compared to the appropriate components of the PLE spectrum of reaction-zone ZnS:Cu. Namely, for the interband PLE spectral component of the reaction-zone sample with (max = 340 nm (Fig. 3, curve 1), the appropriate spectral components of PLE spectra of trap-collected materials are located at (max = 328 and 325 nm (Fig. 3, curves 2 and 3). This shift can be attributed to quantum-sized effects in nanoscale fractions. The observed value of shift in the PLE spectra is in good agreement with the above-given estimation of shift in the PL spectra (see Table). We can similarly explain the shift of long-wave bands in PLE spectra presented in Fig. 3. Using the results reported in [26-29], the observed shift of the bands in PLE spectra provides grounds for estimation of the average size of nanoparticles close to 3 nm.

In the spectral characteristics of SHS-produced powdered ZnS:Cu, the following circumstance attracts a particular attention. For the materials collected in traps, the observed PLE spectra (curves 2 and 3 in Fig. 3) do not contain clear visible signs of the presence of the 340 nm band attributed to interband transitions in ZnS, whereas the performed SEM studies of the trap-collected material show the presence of a significant amount of submicron particles. For submicron particles, quantum-sized effects are not relevant, hence the PLE spectra of trap-collected samples were expected to contain the band with (max ( 340 nm, at least in the form of the curve bend. The mentioned absence of the 340-nm band in the PLE spectra of the trap-collected material indicates that in the meso-sized particles, recombination of carriers produced by band-band absorption is primarily realized non-radiatively. It can be possible if: (i) abovementioned relaxation in the meso-sized particles occurs with easy escape of non-equilibrium carriers out of the recombination zone, (ii) excited radiative centers are located in the depletion zone.
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Let us consider possible reasons for the increased role of non-radiative relaxation of photo-excited carriers in the submicron fraction of trap-collected ZnS:Cu. The decrease in the particle size from micron to the submicron one leads to the increase of the influence of surface and near-surface regions on the processes occurring inside the volume. It is plausible to suggest that relaxation via surface states can be one of the main mechanisms of non-radiative relaxation of photo-excited carriers in powder ZnS:Cu [30]. As far as in this work the investigated micro- and meso-particles are produced within the same cycle of synthesis with the same ingredients, we assume that the difference between these particles is their size, whereas the properties of their surfaces can be considered as identical. Consider a space charge region (SCR), which is formed near the crystal surface and impedes diffusion of photo-excited carriers to the surface. Denote the length of SCR as L, and the energy barrier height as Eb. If a particle size D exceeds 2L, its SCR properties are the same as for bulk crystals. The model pattern of the energy diagram is given in Fig. 4 for the cases D > 2L and 5…7 nm < D < 2L. As seen from the figure, in case of 5…7 nm < D < 2L, the height and width of the barrier are reduced, which facilitates diffusion of photo-excited carriers to the surface and subsequent non-radiative recombination. 

As shown in [31], the length of SCR in high-resistance ZnS crystals is about 100 nm. Foreign inclusions, defects, activators, etc. increase conductivity; hence the length of SCR can also be significantly increased. As follows from the SEM images given in Fig. 1b, in the trap-collected material there are a lot of particles with at least one dimension below the limit of 200 nm. For these particles, the condition D < 2L is satisfied, hence the above-mentioned easy escape of non-equilibrium carriers from the particle volume to its surface can be expected. As it can be seen from Fig. 4, for meso-sized particles, the particle volume becomes a region of strong depletion, where the Fermi level lies closer to the valence band; hence the carrier sticking occurs on the acceptor levels, and radiative recombination becomes depressed. 


4. Conclusions 


The obtained results indicate that the proposed modified SHS method (trap-equipped SHS) can be used for production of fine-despersed materials based on ZnS:Cu. By using this method, fluorescent powder materials ZnS:Cu can be synthesized with a variable content of micro-, meso-, and nano-fractions. Observed in the submicron fraction, enhancement of surface non-radiative relaxation of photo-excited carriers opens a possibility for prediction and correction of characteristics of synthesized powder luminophors, as well as for control of the properties of semiconductor structures, for example, for making easier the transport of carriers through the space-charge regions. 
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Fig. 3. PLE spectra of SHS-synthesized ZnS:Cu. Numbering of the spectra corresponds to Fig. 2.
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Fig. 4. Energy diagrams for particles with n-type conductivity and particle size D > 2L  (a) and 5…7 nm < D < 2L (b).
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Fig. 2. PL spectra of SHS-synthesized ZnS:Cu. (a) spectra 1–3 are normalized to the maximal intensity, (b) spectra 1 and 3 are linked at the long-wave wings (within the spectral range marked as AB). Curve 1 corresponds to the material from the reaction zone, curves 2 and 3 – to the material from the traps.







�



Fig. 1. SEM-images of SHS-synthesized ZnS:Cu powder from the reaction zone (a) and from the trap located at the maximal distance from the reaction zone (b).
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