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ZnSySe1x:Mn and ZnxCd1xS:Mn nanocrystals were obtained by the method of self-propagating high-
temperature synthesis. The EPR spectra of Mn?* ions in these nanocrystals and in crystals of the same compounds
grown from the melt under inert gas pressure were studied. It has been found that the ultrafine structure constant
of the EPR spectra of Mn?* ions in both nanocrystals and crystals has a jump-like dependence: in ZnSxSe1.x:Mn
compounds at a parameter value of x = 0.2; in ZnxCd1.xS:Mn compounds at x = 0.6-0.7. These changes correlate
with changes in other physical properties of nanocrystals, namely, the values of microstrain stresses and dislocation

density.
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Introduction

It is known that crystals of A?B® - A2’B®" compounds
based on Zn, Cd, S, and Se, namely ternary materials
ZnSsSe1x and ZnyCdiS, attract special attention of
scientists due to the wide possibilities of their practical use
in optoelectronics devices. The physical and chemical
properties of such materials, as well as the technologies
for their production, have been thoroughly investigated
[1,2]. Depending on the value of the parameter x in
ZnS,Se1 crystals, the band gap varies in the range of 2.7-
3.7eV, and in ZnCdi4S crystals, respectively, in the
range of 2.6-3.7 eV. In nanocrystals (NCs) of such
compounds, depending on the size of the nanograins, these
limits are expanded. This, in turn, determines the
prospects for the development of a new generation of
short-wave photoconverters, LEDs, and lasers in the blue
region of the spectrum [3-5]. The above stimulates the
development of effective technologies for obtaining such
NCs with reproducible and controlled physical properties.
Among the various technologies, the method of self-
propagating high-temperature synthesis (SHS) has a
certain prospect. This method is characterized by a high
rate of production of NPs in sufficiently large volumes,
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low cost per unit of product, and the use of simple and
environmentally friendly equipment. Both ZnSxSe;.x NCs
[6] and ZnyCd:xS NCs [7] were obtained by this method.

In the present work, the physical properties of
ZnSxSe1x:Mn NCs and ZnxCdi-xS:Mn NCs prepared by
the SHS method were investigated. The Mn impurity in
the NCs was introduced to form paramagnetic Mn?*
centers. The study of the parameters of such centers by the
EPR method provides additional information that refines
the X-ray diffraction (XRD) data on the structure of the
NC lattice, the peculiarities of the formation of ion-
covalent bonds and the local environment of the
paramagnetic centers.

I. Experimental procedure

NCs ZnSySei.x:Mn and ZnyCd1.xS:Mn were obtained
by the SHS method as a result of a high-temperature
chemical reaction of the basic fine powders Zn, S, Se or
Zn, Cd, S. The basic powders were mechanically mixed in
certain proportions with the addition of ethyl alcohol to
the charge to improve the mixing process. The alloying of
NC with Mn impurity was carried out by adding MnCl;
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salt to the charge in the amount of
1072 at%. After drying, the charge in a quartz ampoule was
placed in a sealed steel reactor. The chemical reaction was
provoked by a powerful thermal pulse. The heat was
generated by a nichrome spiral built into the reactor
structure. The studies indicate that the value of the
parameters X in the charge prepared for synthesis does not
coincide with the value of the parameter x in the NC.
Therefore, the values of the parameters x were finally
determined from the XRD data and they were
subsequently used to characterize the chemical
composition of the obtained samples. XRD analysis of NC
was performed on a DRON-2M diffractometer using
CoKa radiation. The EPR spectra were studied on a
Radiopan SE/X-2543 radiospectrometer.

Il. Experimental results and discussion

Using XRD data (Fig. 1a), it was found that the
synthesized ZnSySeix:Mn  powder consisted of
polycrystals with sizes of 1-5 um. They, in turn, were
formed by NCs with dimensions of 55+5nm. The
minimum size of NCs was characteristic of the compound
with a parameter value of x = 0.2, and the maximum size
was for the composition where x = 1. The NCs had a
mixed crystal structure. In NCs with the value of
parameter x = 1, the proportion of the hexagonal phase
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was 65 + 5 %, and the cubic phase was 35 + 5 %. With a
decrease in the value of the parameter x, the proportion of
the cubic phase in the NC increased, and the hexagonal
phase decreased accordingly. Thus, in NCs with the value
of the parameter x = 0, the proportion of the hexagonal
phase was 30+5%, and the cubic phase was 70+5%. The
parameters of the crystal lattice in NCs were smaller
compared to the known parameters of the crystal lattice
for bulk crystals. This is an indication that the crystal
lattice of NC is deformed. The degree of microstrain
(Aa/a) in NC is in the range of 5-10“ - 2103, At the same
time, the maximum value of the degree of microstrain is
characteristic of the composition of NCs with a parameter
value of x = 0.2; the minimum value is, respectively, for
NCs with x = 1. The dislocation density was calculated in
the synthesized NCs. It was in the range of 5-10%° -
102 cm2, The maximum value of the dislocation density
is characteristic of NCs with x = 0.2; the minimum value
isfor x=1and x = 0.

According to the XRD data (Fig. 1b), the following
characteristics of the synthesized ZnyCd1.xS:Mn powder
were determined. It also consists of polycrystals of 1-5 um
in size, which were formed from NCs. Their size
discrepancy was larger compared to ZnSySes. x:Mn NCs.

Thus, in the compositions with the value of the
parameter x = 0.3 and with x = 0.7- 1, ZnyCd1.xS:Mn NCs
had a size of 60+5 nm. For NCs with the value of the
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Fig. 1. XRD data of NCs ZnSxSe1x:Mn (): x =1 (1), x=0.8 (2), x=0.6 (3), x=0.4 (4),x =0. 2 (5), x = 0 (6),
XRD patterns of the cubic ZnS structure (7), hexagonal ZnS structure (8), cubic ZnSe structure (9), and hexagonal
ZnSe structure (10); XRD data of ZnyCd1xS NCs (b): x=0(1),x=0.2(2),x=0.4(3),x=0.6 (4), x=0.8 (5),
x = 0.9 (6), XRD patterns of the cubic ZnS structure (7), hexagonal ZnS structure (8), cubic CdS structure (9), and
hexagonal CdS structure (10).
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parameter x = 0.4-0.6, their size was significantly smaller
- 4045 nm. The NCs also had a mixed crystal structure.
For compounds with a parameter value of x =1, the
proportion of the hexagonal phase was 65 + 5 %, and the
cubic phase was 35+5%. With a decrease in the value of
the parameter X, the proportion of the hexagonal phase in
these NCs increased, and the cubic phase decreased. In
NCs with the value of the parameter x = 0, the proportion
of the hexagonal phase was 85 + 5%, and the cubic phase
was only 15+5%. The microstrain stresses in
ZnxCd1xS:Mn NCs, in accordance with the value of the
parameter X, are in the range of 1.05-10* - 4.95-107%; and
the dislocation density is 7.9-10% - 4.1-10** cm?. The
studies have established the fact that the indicated changes
in physical properties in both ZnSxSeix:Mn NCs and
ZnxCdi1xS:Mn NCs do not correspond to a linear
dependence on the value of the parameter x. On the
contrary, these dependences are characterized by a certain
jump that occurs at x = 0.2 for ZnS,Se1x:Mn NCs and at
X = 0.6-0.7 for ZnyCds-xS:Mn NCs.

The data obtained by XRD are in good agreement
with the analysis of the EPR spectra of Mn?* ions in the
obtained samples (Fig. 2). The general appearance of the
EPR spectra indicates the presence of a mixed crystal
structure in the NC. This is manifested in the fact that the
ultrafine structure lines of the EPR spectra of Mn?* ions,
consisting of six equidistant lines, are double. The
explanation for this fact is that the EPR spectra of Mn?*
ions are a superposition of two spectra - one belonging to
cubic local symmetry and the other to hexagonal
symmetry. In the EPR spectra of ZnS,Sei1x:Mn NCs and
ZnxCdi-xS:Mn NCs at the value of the parameter x =1,
weak lines (dashed lines in Fig. 2) were recorded, which
are most likely associated with forbidden transitions. For
these transitions, both the electron spin (AM = +1) and the
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Fig. 2. EPR spectra of ZnScSe1.x:Mn NCs (a): x =1 (1), x =
x=1(1),x=0.8(2),x=
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nucleus spin (Am=*1) change simultaneously. They can
be caused by strain stresses in the crystal lattice of the NC.
Such transitions in quantum dots have been reported by
other authors [8].

A weak single EPR line with g = 1.998 was found in
the synthesized NCs with parameter x =1, which is
probably associated with an uncontrolled Cr+ impurity.
This line is recorded in bulk ZnS crystals under UV
excitation.

In unexcited crystals, the chromium impurity is in the
Cr?* state and replaces Zn?* ions in the ZnS lattice. Under
UV excitation, the chromium impurity captures a free
electron and transitions to the Cr+ state, which causes the
EPR signal. The registration of such paramagnetic centers
without UV excitation in NCs indicates that they have n-
type conductivity. With a decrease in the value of the
parameter x, the EPR spectra in NCs are simplified and at
x = 0 they contain only the lines of the ultrafine structure
of the EPR spectra of Mn?* ions.

The dependence of the change in the ultrafine
structure constant A of Mn?* ions on the value of the
parameter x was investigated both in ZnSxSeix:Mn,
ZnxCd1xS:Mn crystals obtained from a melt under inert
gas pressure and in ZnSySeix:Mn, Zn,CdiS:Mn NCs
obtained by the SHS method (Fig. 3). These changes are
similar in that they record a jump-like dependence of the
value of the constant A on the value of the parameter x.
For both crystals and NCs, this jump occurs at x = 0.2 for
ZnSsSeix:Mn - samples  and at x=0.6-0.7 for
ZnxCd1xS:Mn samples.

Such data suggest that Mn?* ions in ZnSxSe1.«:Mn
samples at x<0.2 tend to gravitate to the sulfur ion
environment, i.e., to the ZnS crystal lattice, where they
replace Zn?* ions. At x>0.2, this environment is abruptly
replaced by selenium ions. In this case, Mn?* ions replace
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0.9 (2), x = 0.2 (3), x = 0 (4) and ZnxCdy.xS:Mn (b):
0.2 (3), x=0(4).
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Fig. 3. Dependence of the ultrafine structure constant A of Mn?" ions on the value of the parameter x in crystals (a)
and NCs (b) of ZnSxSe;x:Mn, Zn,Cd; xS:Mn.

Zn? ions in the ZnSe crystal lattice. them. EPR spectroscopy has revealed that Mn?" ions in
In ZnxCd1-xS:Mn crystals and NCs at a value of ZnSySe1x:Mn and ZnyCd,xS:Mn nanocrystals can be in

x<0.6-0.7, Mn?* ions tend to be located in place of Cd?* two different crystal environments: cubic and hexagonal.

ions in the CdS lattice. At a value of the parameter x > 0.8, At certain values of the parameter x, an abrupt change in
Mn?* ions abruptly change their environment and, as a the ultrafine structure constant of the EPR spectra of Mn?*
result, tend to be located in the ZnS lattice, where they ions is observed: at x = 0.2 for ZnS,Seix:Mn and at
replace Zn? ions. It is likely that this abrupt change in the X = 0.6-0.7 for ZnyCd;xS:Mn. This change indicates that

environment of Mn?* ions in the NCs of the studied when these values of the parameter x are reached, a sharp

samples causes other changes in physical properties, transition of Mn?>" ions from one type of crystal

namely, the values of microstrain stresses and dislocation environment to another occurs. This phenomenon was

density also observed in bulk crystals of ZnS«Seix:Mn and
ZnyCd;«S:Mn.

Conclusions
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were obtained by a self-propagating high-temperature Sciences, Professor, Head of the Department Applied

synthesis. X-ray diffraction analysis showed that the  Radiophysics, Electronics and Nanomaterials;
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60 nm. The mixed crystal structure of the nanocrystals  Radiophysics, Electronics and Nanomaterials;
was found to be the case, where the ratio of cubic and ~ Khmelenko "O.V. — Candidate of Physical and

hexagonal phases varies depending on the value of the x ; : . .
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0O.B. KoBanenko, M.®. bynanwuii, O.B. Xmenenko, B.B. CnaBuuii

Oc006IHBOCTi JTOKAILHOI0 0TO4YeHHs ioHiB MNn?" B kpucranax i
HaHOKpHcTagax ZnSxSe1x:Mn ta ZnxCdixS:Mn

Ininposcokuti nayionanvnuti ynieepcumem imeni Onecs I'onuapa, Jlninpo, Yipaina kovalenko.dnu@gmail.com

MeTo10M CaMOMOIIHMPIOBAIFHOTO BUCOKOTEMIIEPATYPHOTO CHHTE3Y OTPUMAaHO HAaHOKpUCTaIu ZNSxSe1x:Mn
Ta ZnxCd1xS:Mn. Mocmimxero ciekrpu ETIP ionis Mn?* sk B 1MX HAHOKPHCTANAX TaK i B KPUCTAAX TAKHX CAMHX
CIIOJYK, 3POLIEHHX 3 PO3IUIaBy IiJ THCKOM IHEPTHOrO rasy. Byjno BCTaHOBJIEHO IO KOHCTAaHTa HAATOHKOI
crpykrypu criektpis EITP ionis Mn?* sk B HAHOKpHCTAJIAX TaK i B KPUCTANIAX MA€ CTPHOKOTOIOHY 3aIEXKHICTh: B
crioykax ZnSxSei1x:Mn mpu 3HaueHHi mapamerpa x=0,2; B crnoiykax ZnxCdixS:Mn mpu x=0,6-0,7. 1li 3minu
KOPETIoI0Th 13  3MiHaMH iHDMX  (I3WYHHX  BIACTHBOCTEH HAHOKPHCTANiB, a caMe 3HAaYCHHSIMH
MikpoaedopMaIifHIX HaNpy>KeHb Ta I'yCTHHHU AUCIOKALIiH.

KiouoBi cioBa: ZnSxSeix:Mn, ZnxCdi«xS:Mn, kpucramm, HaHOKPHCTAIH, CaMOPO3MOBCIOIKYBAIbHUH
BHCOKOTEMIIEPATyPHHIl CHHTE3, PeHTTCHOCTPYKTYpHHU# aHai3, (ha30BUil CKIIal, KpUCTaTiYHA CTPYKTYpa, CHEKTPH
EIIP.
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