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ZnxCd1.<S nanocrystals were obtained by self-propagating high-temperature synthesis. The synthesis
was carried out in an air environment at atmospheric pressure. We managed to synthesize nanocrystals
close to CdS (0 <x < 0.2), as well as close to ZnS (0.8 <x < 1) by changing the ratio between Zn and Cd from
0 to 1 with a step of 0.1 in a real product. Their sizes were determined by the Scherrer method and were in
the range of 4060 + 5 nm. Zn:Cdi.xS nanocrystals of all compositions were characterized by a mixed crys-
tal structure; the maximum proportion of the cubic phase was typical of compositions close to ZnS, and the
minimum one — of compositions close to CdS. The degrees of microdeformations of the crystal lattice of
ZnyCdixS nanocrystals were within 1.05:1074+3.97-103; dislocation densities were determined within
7.91-1010+3.1-10!1. Based on the analysis of the EPR spectra, it was shown that when the local environment
of Mn2* ions changed with increasing parameter x, the constant of the EPR hyperfine structure of Mn2*
ions explosively decreased from the value A = 7.00+7.06 mT to the value A = 6.84 mT. The presence of the
EPR line of Cr* ions in unlit ZnS and ZnosCdo.2S nanocrystals may indirectly indicate n-type conductivity
of the samples obtained.
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1. INTRODUCTION

Wide-band gap A2Bs compounds hold a special place
among the semiconductor materials. They are charac-
terized by high radiation, temperature and mechanical
resistance. LEDs, lasers, sensors of the gas content of
the medium have been created on the basis of these
materials [1-3]. Some of the most popular representa-
tives of A2Bs compounds are zinc and cadmium sulfide
with various activators, as well as compounds of
ZnxCd1xS solid solution, where the electrical and opti-
cal properties can be changed over a wide range by
changing width of the band gap. Therefore, these com-
pounds are one of the most important materials for the
creation of solar cells, photodetectors, nonlinear optical
devices, etc. [4-6]. Additional interest in these com-
pounds arises in connection with the widespread use of
nanocrystals (NCs) in various optoelectronic emitting
structures [7, 8] as well as nanosensors [9, 10]. There-
fore, the development of effective technologies for ob-
taining ZnxCd1.xS NCs with reproducible and controlla-
ble properties is an urgent technological problem.

Self-propagating high-temperature synthesis (SHS),
also known as the combustion method, has a number of
advantages in the list of various methods for producing
A2Bs type NCs. The advantages of this method are the
high speed of production of the final product (~ 3-5 s),
the possibility of obtaining NCs in large volumes, low
cost and energy consumption per unit of production, the
simplicity of the equipment used and its environmental
safety [11]. Due to SHS method, powdery ZnxCdixS
NCs can be obtained from a mixture of fine-dispersed
Zn, Cd and S powders, and they can be doped directly
in the synthesis process by adding appropriate impuri-
ties to the charge. It should be noted that ZnS [12],
ZnS:Mn [13, 14], CdS [15], ZnSxSe1x [16, 17] NCs were
previously obtained by SHS method. However, accord-
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ing to our data, ZnxCd1xS and ZnxCdi.xS:Mn NCs have
not been synthesized by this method yet. This work is
devoted to the analysis of the peculiarities of obtaining
ZnxCd1xS and ZnxCdi1xS:Mn NCs by SHS method, as
well as the results of studies of their physical proper-
ties by X-ray diffraction analysis (XRD) and EPR.

2. METHODOLOGY OF EXPERIMENT

Synthesis of NCs of ZnxCdi1xS and ZnxCd1.xS:Mn sol-
id solutions was carried out in a quartz ampoule placed
in a sealed steel reactor. The ampoule was loaded with
mechanically mixed powders of Zn, Cd, and S taken in
appropriate proportions. Preliminary mixing of the
charge was carried out with the addition of ethyl alco-
hol to improve the mixing process. The ratio of Zn and
Cd in the charge was characterized by the parameter
xp. The synthesis reaction was initiated by a heat pulse
after drying the mixture. It was provided by a nichrome
spiral located in the upper part of the reactor, when a
current pulse with an amplitude of ~ 35 A and a dura-
tion of ~ 1 s passed through it. The synthesis was car-
ried out at atmospheric pressure in air. The ratio be-
tween Zn and Cd was determined by the parameter x,
which differed from the parameter x, in the obtained
ZnxCd1xS NCs. In order to determine the parameter x
in ZnxCdi1xS NCs according to XRD data, we used Ve-
gard's law, which establishes a linear change in the
crystal lattice parameters with a change in the ratio
between Zn and Cd cations in ZnxCd1xS solid solutions
[18]. Consequently, it was shown that the parameter x
in the synthesized ZnxCdi1.xS NCs differs significantly
from the parameter xp. The relationship between these
parameters is shown in Fig. 1a. It should be empha-
sized that by changing the parameter xp from 0 to 1
with a step of 0.1 in a real product, we were able to
synthesize ZnxCdi1.xS NCs close to CdS (0 <x<0.2), as
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well as close to ZnS (0.8 < x < 1). Thus, when using SHS
method, ZnxCdi1xS NCs are efficiently synthesized in
such compositions when the number of cations of one
type significantly exceeds the concentration of cations
of another type. Doping of ZniCdi.xS NCs with Mn2*
ions was carried out by adding 10 -2 wt. % of MnClz salt
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to the initial charge. XRD of the obtained NCs was
performed with a DRON-2 diffractometer using Co-Ka
radiation. EPR spectra were investigated with a Radio-
pan SE/X-2543 radio spectrometer. Images of NC parti-
cles were obtained using a scanning electron micro-
scope REMMA-102-02.
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Fig. 1 - Dependence of the parameter x in ZnxCdixS NCs on the parameter x, (a); XRD data (b) of NCs at x, =1 (1), 0.8 (2), 0.6 (3),

0.4 (4), 0.2 (5), 0 (6)

3. EXPERIMENTAL RESULTS AND
DISCUSSION

ZnxCd1.xS NCs obtained by SHS method were pow-
ders, whose form is shown in Fig. 2. The XRD data and
analysis of the EPR spectra in ZnxCdi.xS NCs show that
NCs with the same parameter x differ from each other
depending on which parameter x, was inserted into the
initial charge for synthesis. So, for example, ZnxCdi.xS
NCs with x~1, synthesized from a charge with
xp =0.7+1 (Fig. 1a), were characterized by significant
differences in the EPR spectra data, sizes of NCs, the
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ratio of cubic and hexagonal phases, and the degree of
microdeformation. In this regard, when analyzing the
obtained results, we will operate with the parameter x,
despite the fact that the parameter x may be the same
for NCs in the final product. The synthesized powders
of ZnxCdi1xS compounds consisted of polycrystals with a
mixed crystal structure and an average size of 1-5 pm,
which, in turn, consisted of NCs. Their sizes were de-
termined by the Scherrer method and found for x, = 0+
0.3 and 0.7+1 in the range of 60+5 nm, and for the pa-
rameter x, = 0.4+0.6 in the range of 40+5 nm (Fig. 3a).
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Fig. 2 — Surface morphology of ZniCdi.xS NCs with parameter x, = 1 (a) and x, = 0.2 (b)
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The minimum sizes of ZnxCd1.xS NCs are typical for
the parameter xp = 0.4, and the maximum sizes — for
compositions with the parameters xp =0 and xp = 1.

In NC with the parameter xp =1, the part of the
hexagonal phase was ~ (656+£5) %, the cubic phase was
~ (35+5) %; in NC with the parameter x, = 0.6, these
parts were (75+5) % and (25+5) %; in NC with the pa-
rameter xp = 0.4, they were (80+5) % and (20+5) %; in
NC with the parameter x, = 0, the part of the hexagonal
phase was ~ (85+5) % and the part of the cubic one was
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~ (15+5) %. Thus, with a decrease in the parameter xp,
the proportion of the hexagonal phase in ZnxCdixS NCs
increased, and the proportion of the cubic phase corre-
spondingly decreased. It should be noted that the hex-
agonal phase prevails in CdS NCs, which is not typical
for bulk CdS crystals. An abrupt change in the ratio of
hexagonal and cubic phases in ZnxCdi.xS NCs is char-
acteristic of the compositions with xp = 0.4+0.6 in this
case (Fig. 3b).
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Fig. 3 — Dependence of the hyperfine structure constant A (a) of the EPR spectra of Mn2* ions (1) and the sizes of NCs (2); depend-
ences (b) of the parts of hexagonal (1) and cubic (2) phases in ZnCdi.«S NCs on the parameter x,. The dotted lines mark the areas

of abrupt changes in these dependences

The crystal lattice parameters of NCs of ZnxCdi«S
solid solutions in the hexagonal phase vary from
a=3.805A and ¢=6.238A (for x=1) to a=4.127A
and ¢ = 6.693 A (for x = 0). These values differ from the
crystal lattice parameters of single crystals of ZnxCd1-xS
solid solutions [19], which are in the range from
a=3.794 A and c=6.268 (for x=1) to a=4.121 A and
c=6.682 A (for x = 0), which may be associated with the
deformation stresses characteristic of NCs. The degree
of microdeformation of the crystal lattice of ZnxCdi-xS
NC (Aa/a) is determined in the range from 1.05-10-4
(for xp =0) to 3.97-10-3 (for xp = 0.4), and the disloca-
tion density ranges from 7.91-10° (for x, = 0) to 3.1-101!
(for xp = 0.4), respectively.

A hyperfine structure, consisted of six equidistant
lines characteristic of paramagnetic Mn2* ions, is ob-
served in the EPR spectra of self-activated ZnxCdixS
NCs of all compositions (Fig. 4a). These lines turned
out to be doubled in compositions with x, = 1, which
indicates the superposition of two EPR spectra. One of
them with a hyperfine structure constant A ="7.15 mT
belongs to Mn?* ions located in a hexagonal local envi-
ronment. Another spectrum with a hyperfine structure
constant A =6.88 mT is conditional on Mn2* ions in a
cubic environment. This result correlates with the RDA
data, which established the presence of a mixed crystal
structure in ZnS NC. The EPR lines of Mn?* ions are
low-intensity in compositions with 0.4 <x, < 0.6, which

indicates that Mn2* ions are poorly incorporated into
the crystal lattice of NCs in such compositions. As men-
tioned earlier, this range of values of the parameter xp
is characterized by a large-scale rearrangement of the
crystal structure. The ratios between hexagonal and
cubic phases, the NC size and the value of the hyper-
fine structure constant A for Mn2* ions change abruptly
in this range (Fig. 3). The intensity of the EPR spectra
of Mn2* ions increases significantly in compositions close
to CdS (xp <0.2). The value of the constant for these
spectra was A ~ 6.82-6.84 mT, which is typical for Mn2*
ions located in the hexagonal structure of CdS [20].
Weak lines were also observed in the EPR spectra of
ZnS NCs, which are marked by a dotted line in Fig. 4a.
These lines can be associated with forbidden transi-
tions, which were previously observed in other works
[14]. Probably their appearance is due to a strong de-
formation of the crystal lattice, as well as numerous
dangling chemical bonds on the surface, which are
characteristic of NC. In addition, a single EPR line
with g =1.9998 conditional on Cr* ions was recorded in
ZnS NC. These centers are formed as a result of elec-
tron capture by Cr?* ions, which isovalently substitute
for Zn2* ions in the ZnS crystal lattice. Typically, such a
line is recorded in zinc sulfide under UV excitation. The
appearance of such a signal in unlit NCs may indirectly
indicate that ZnS NCs have n-type conductivity.
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Fig. 3 — EPR spectrum of Zn:CdixS (a) and ZnxCd:1.xS:Mn (b) NCs at x, =1 (1), 0.8 (2), 0.6 (3), 0.4 (4), 0.2 (5), 0 (6)

The intensity and width of the EPR lines of Mn2*
ions increase significantly in doped ZnxCdixS:Mn NCs
(Fig. 4b). Compositions 0.8 <x, < 1 also contain a single
EPR line caused by Cr* ions. We could not reliably
detect this signal for other values of the parameter x.
This fact may indicate that, as the parameter x, de-
creases, the strongly pronounced n-type conductivity
characteristic of ZnS NCs gradually shifts to p-type
conductivity, which, in turn, makes it difficult to form
EPR centers associated with Cr* ions.

4. CONCLUSIONS

NCs of ZnxCdixS and ZnxCdixS:Mn solid solutions
were obtained by SHS method. The ratio between Zn
and Cd (parameter xp) varied from 0 to 1 with a step of
0.1 in the initial charge. The ratio between Zn and Cd
(parameter x) was determined based on Vegard's law in
the final product, which allowed establishing of the
dependence of the parameter x on the parameter xp.
The sizes of NCs were within 60+5 nm for compositions
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Kpucraniuua crpyxrypa sanokpucraiis ZnxCdixS, orpumMaHux nuisixom
CaMOPO3IOBCIOIKYBAHOTO BUCOKOTEMIIEPATY PHOTO CUHTE3Y

A.B. Kosanenko, €.I". ITinaxTtiir, O.B. Xmesnerko

JIninposcoruii Haylonanvrutl yHigepcumem imeni Onecsa Tonuapa, np. Iaeapina, 72, 49010 I[ninpo, Yikpaina

Hanorpucramu ZnyCdixS Oysu oTprMaHi METOIOM CAMOPOIMOBCIOIKYBAHOTO BUCOKOTEMIIEPATYPHOIO
cunredy. CHMHTE3 IIPOBOJMIN B IIOBITPSHOMY CEepeIOBUII 3a aTMocdepHoro Tucky. Ham Brasocs cunresysa-
1 HaHoKpucTauwm, oumsbki mo CdS (0 <x < 0,2), a Takosk 6sm3bki 10 ZnS (0,8 <x < 1), 3MIHOIOYN CIIBBij-
mormesssa Zn i Cd 3 0 go 1 3 kpoxom 0,1 y peasbHOMY HPOIYKTI. Ix posmipu BusHauamm 3a meTogoM Illeppe-
pa i sHaxommmcsa B mexkax 40+60 + 5 um. Hanoxkpucrami ZniCdixS ycix criIaaiB XapaKkTepu3yBaIUCh 3Mi-
IIAHOK KPUCTAIIYHOK CTPYKTYPOIO; MAKCHMAJIbHA YaCTKa KyOiuHol dhasu XapaKTepHAa IJIS CKJIAIIB, OJIU3b-
KHUX 70 ZnS, a MiHIMaJbHA — A1 CKJIamiB, oausbkux g0 CdS. Crymeni mikpomedopmaliii KprcTaaidHol pe-
witkn HaHokpuctasiB ZnxCdi.«S Oyimu B mexax 1,05 -104+3,97 -103; rycTUHY IHCIIOKAIIN BU3HAYAIIM B MEXKAX
7,91-1010+3,1 10!, Ha ocHoBi anamiay cuexrpis EIIP Oyso mokasamo, 1o mpu 3MiHI JIOKAJIBHOIO OTOYEHHS
iomiB Mn2* i3 301IbIIEHHAM IIapaMeTpa X KOHCTaHTa HaATOHKOI crpykTypu EITP iomis Mn?+ cTpubKomomioHO
aMeHIyBasacs Bif suadennsa A = 7,00+7,06 mT mo smavenus A = 6,84 mT. Haasuicts mimii EIIP ionis Crty
HEOCBITJIEHNX HaHOKpucTanax ZnS ta ZngsCdo2S Moske m06IUHO BKA3yBaTH HA IIPOBIIHICTH N-TUILY OTPHMA-

HUX 3pa3KiB.

Knrouosi cinosa: Hamorpucramu ZnyCdi«S, Cynsdin muary, Cyasdin xagmio, CaMopO3IOBCIOIKYBAHAN
BHCOKOTEMITepaTypHUH cuuTe3, Pentrenocrpykrypuumii anaitia, Crexrpu EITP, Kpucramiuna crpyrrypa.
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