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ZnS,Se,_, nanocrystals of all compounds were obtained by self-propagating high-tem-
perature synthesis. It was found that the obtained samples had dimensions of 55£5 nm and
were characterized by a mixed crystalline structure. With increase the x value the fraction
of the hexagonal phase in nanocrystals decreased from 655 % to 305 %, and the
fraction of the cubic phase increased in the corresponding ratios. Despite the formation of
ZnS,Se,_, solid solutions, according to RCS data, the local environment of Mn2* impurity
ions is not mixed. At a value of 0.2<x<1, the Mn?* ions were surrounded by sulfur ions,
and at x<0.2 it was surrounded by selenium ions. The change of the Mn2* ions local
environment was accompanied by an abrupt change in the value of the RCS hyperfine
structure of the Mn2* ions from A = 6.88+6.91 mT to A = 6.55 mT. In ZnS,Se,_, nanocrys-
tals with x = 1 and x = 0.9, an EPR line with g = 1.9998 was detected, which is associated
with an uncontrolled impurity — Cr* ions.

Keywords: ZnS,Se,_, nanocrystals, self-propagating high-temperature synthesis, X-ray
diffraction analysis, phases composition, crystalline structure, EPR spectrum.

MeTomoM caMOpAaCIPOCTPAHAIONIETOCH BBICOKOTEMIIEPATYPHOrO CHHTE3a IIOJIYYEHBbl HAHO-
KpucTanasl ZnS,Se,_, Bcex cocTaBoB pasMepoM 5515 HM M XapaKTepPH30BAINCH CMEIIaHHON
KPUCTAJUINYECKON CTPYKTypoii. C yBeluueHMeM TapaMerpa X [OJs TeKCATOHAJbHON (hasbl B
HAHOKPHUCTAJIaX yMeHblnajgach ¢ 6515 % mo 3015 %, a momsa KyOwueckoii (assl BozpocTaya.
Ilo gamubiM DIIP MoKaNbHOE OKPY/KeHHe IPUMecHLIX HoHoB MNn2* He siBiserTcs cMelIaHHBIM.
Ipu smavenwun 0,2<x<1 momsr Mn2* maxogmawcs B OKPYIKeHNH MOHOB cephl, a mpu x<0,2 —
B OKPY'KeHWN HOHOB cejeHa. B mamoxpmcramrax ZnS,Se, , c x =1 un x = 0.9 obHapyxeHa
auaua 1P ¢ g = 1.9998, KoTopas cBA3aHA ¢ HEKOHTPOJIUPYyeMoil mpumecbio — moHamu Cr.

Oco6imEocTi BIacTHBOCTEl HaHOKpHCTATiE ZnS Se, , OTPMMAaHMX METOAOM CAMOIONIN-
PIOBAHOTO BHCOKOTeMmepatypHoro cunrtesy. O.B.Kosganenxo, €.I.I1naxmiii, O.B. X meaernro.

MeTomOM CaMOIOMINPIOBAHOIO BHUCOKOTEMIIEPATYPHOrO CUHTE3Y OTPUMAHO HAHOKPUCTAJIN
ZnS,Se,_, Bcix cruazis. 3paskym Maam posMipym 5515 HM i xapakTepusyBaanca 3MiIIaHOIO
KPUCTAIIYHOI CTPYKTYpPoIo. 3i 30iibIlIeHHAM IIapaMeTpa X YacTKa reKcaroHaJbHOI (asu y
HaHOKpucTagax sMeHmyerbed 3 6515 % mo 3015 %, a yacrka kyOiunol ¢gasu 36iablIyeTbes.
3a ganmMu EIIP jgoxanbHe OTOUeHHSA AOMIIIKOBUX 10OHIB Mn2* me e smimamumM. ITpu sHa-
wenni 0,2<x<1 iomu Mn?* smaxozmiumes B oToueHHI ioHiB cipru, a npu x<0,2 — B oroueHHI
ioHiB ceneny. 3MiHa JOKANBHOrO OoToueHHA i0HIB MNZ* cympoBomxyBasacs cTpubRONOLiIGHOIO
sMiHO0 mapamerpa HaaTOHKOI cTpykrypu EIIP iomis Mn2* 3 Benwuunum A = 6.88+6.91 mT xo
BermunHEN A = 6.55 mT. V mamokpucranax ZnS,Se, , 3 x =1 n x = 0.9 Buasieno iinio
EIIP 3 g = 1.9998, axa moB’szaHa 3 HEKOHTPOJILOBAHOIO JoMimkow — iomamu Cr.
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1. Introduction

ZnS,Se,_, solid solutions hold a specific
place among semiconductor compounds of
the A;Bg—A,'Bg’ type due to their physical
properties. Depending on the value of =x,
such materials have an energy bandgap in
the range 2.7+3.7 €V that makes it possible
to develop a short-wave radiation photosen-
sitive devices, light-emitting diodes and la-
sers in the blue spectral band [1, 2]. In
these days, additional attention to these
compounds has been attracted by the com-
mon use of the A,Bg type of nanocrystals
(NC) compounds in various optoelectronic-ra-
diating structures [3]. This, in turn, stimu-
lates the development of high-performance
technologies for the production of NC with
reproducible and controlled properties.

The self-propagating high-temperature
synthesis (SHS) has several advantages
among various methods for obtaining the
A,Bg type of NC. This method is charac-
terized by a high rate of NC production, the
possibility to obtain the NC in large
amounts, low cost and low energy consump-
tion per unit, the simplicity of the applied
equipment and its environmental compati-
bility [4]. The SHS method makes it possible
to obtain ZnS,Se,_, powdered NC by simple
high-temperature reaction of Zn, S and Se
fine powder mixture, to produce doped NC
directly during the synthesis by adding the
appropriate doping materials to the charge.
It should be noted that ZnS NC [5],
ZnS:Mn2* [6, 7], ZnSe polycrystals [8] were
obtained earlier by the SHS method. How-
ever, according to our sources, the ZnS,Se;_,
and ZnS,Se;_,:Mn NC have not yet been
synthesized by this method. In this study
we analyze the peculiarities of ZnS,Se,_,
and ZnS,Se,_,:Mn NC obtaining by the SHS
method, as well as the research results of
their crystalline structures and EPR spectra.

2. Experimental

The NC synthesis of ZnS,Se;_, and
ZnS,Se,_,:Mn solid solutions were produced
in a quartz vessel placed in a sealed steel
reactor. The vessel was loaded with me-
chanically blended powders of Zn, S and Se
taken at appropriate ratios. The premixing
of the charge was carried out with the addi-
tion of ethyl alcohol to improve the mixing
process. The S and Se ratio in the charge is
characterized by the x, parameter. After
drying of the mixture, the synthesis reac-
tion was initiated by a thermal impulse that
was provided by the nickel-chromium coil
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located in the upper part of the reactor. The
synthesis was carried out at atmospheric
pressure in the air. The S and Se ratio in
the obtained ZnS,Se,_, NC was determined by
the x parameter that, as further studies
showed, differed from the x, parameter. Dop-
ing of the ZnS,Se,_, NC with Mn2* ions was
carried out by adding the MnCl, salt in an
amount of 1072 wt. % of the initial charge.

XRD analysis of the obtained NC was
performed on a DRON-2 diffractometer
using CoK, radiation. The EPR spectra
were studied using the Radiopan SE/X-2543
radiospectrometer. The images of nanoparti-
cles were obtained using a scanning electron
microscope REMMA-102-02.

3. Results and discussion

The ZnS,Se,;_, NC crystals obtained by
SHS were a powder whose morphology is pre-
sented in Fig. la. The XRD data (Fig. lc)
demonstrate that this powder consisted of
polycrystals with a mixed crystal structure
and average sizes of 1-5 um, while each
polycrystal consisted of NCs. Their dimen-
sions were determined by the Scherrer tech-
nique and were within 55+5 nm. The mini-
mum dimensions of the ZnS,Se,_, NCs were
specific to the value x = 0.2, and the maxi-
mum for the compound with x = 1. The
fraction of the hexagonal phase in the ZnS
NC was ~ (6515) %, the cubic phase ~
(35£5) %, in the 2ZnSygSez, NC —
(60i5) % and (40i5) %, in the ZnSO_Bseo_z
NC — (560£5) % and (50£5) %, and in the
ZnSe NC — (30+5) % and (7015) %, respec-
tively. Thus, when the x parameter de-
creases, the fraction of the cubic phase in
the ZnS,Se,_, NC increased. It is notewor-
thy that a large fraction of the hexagonal
phase was present in the ZnSe NC that is not
specific to the ZnSe bulk crystals. The parame-
ters of the NC crystal lattice of ZnS,Se;_, solid
solutions in the cubic phase were in the range
from a = 5.386 A (for x = 1) to a = 5.633 A
(for x = 0). These values turned out to be
smaller than the parameters of the crystal
lattice of single crystals of ZnS,Se;_, solid
solutions [9], that are within a = 5.4093
(for x=1) to a=5.6687 A (for x = 0).
This, in turn, testifies the strain stresses
specific to NC. The degree of microdeforma-
tions of the ZnS,Se,_, (Aa/a) NC crystal lat-
tice lies in the range from 5.107% to 2.1073.
The minimum degree of microdeformations
was specific to compounds with x =1 and x
= 0.9, and the maximum — with x = 0.2.
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Fig. 1. The ZnS,Se,_, NC surface morphology at x = 0.8; (a) dependence of the x parameter in the
ZnS,Se,_, NC on the X, parameter; (b) XRD data; (c) NC: ZnS (1), ZnS; 4Se, ; (2), ZnS; ,Se; 5 (3),
ZnSe (4), Se,05 phase is marked by * on X-ray diffraction patterns.

The dislocation densities ranged from 5.1010
to 1012, The minimum dislocation density was
specific to compounds with x =1 and x = 0, and
maximum for compounds with x = 0.1 and x = 0.2.
The findings suggest that a large-scale rear-
rangement of the crystal lattice of the ZnS,Se,_,
NC occurs in the compound with x = 0.2.
Sediment consisting of selenium oxides
was precipitated out on the walls of the
reactor during the SHS reactions of the
ZnS,Ses_y NC at x,<0.9. This fact allows us
to assume that the x parameter in the
ZnS,Se,_, NC does not correspond to the xp
parameter that determines the S and Se
ratio in the charge prepared for SHS. To
determine the x parameter in the ZnS,Se,_,
NC as per XRD data, we used Vegard’s law
i.e. a linear variation of the crystal lattice
parameters when the S and Se ratio is
changed. Such a law is specific to crystals of
ZnS,Se,_, solid solutions [10]. As a result, it
was found that in the synthesized ZnS,Se;_,
NC the parameter x significantly differs from
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the x, parameter. The dependence between
these parameters is shown in Fig. 1b.

According to the XRD data, the presence
of other crystalline phases is not observed
in the obtained solid solutions up to the
compound with x = 0. Only in the ZnSe NC
we detected the presence of the Se,0g phase
traces that is quite understandable in case
of NC synthesis in the air. Here it should be
noted that earlier in the study [11] when we
obtained the ZnS NC by the SHS method,
we observed the presence of Mng,5Zng 955
phase. The dimensions of the NC were
within 60+5 nm. The absence of this phase
in these experiments can be explained by
the fact that the SHS reaction was initiated
by more powerful thermal pulse that pro-
vided by current nearly 35 A, while in the
study [11] it was nearly 27 A. The findings
indicate that the value of the initial ther-
mal pulse in SHS affects both the dimen-
sions of the NC and their phase composition
that well within the results obtained by
other authors [12].
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Fig. 2. EPR spectra of self-activated (a) NC: ZnS (1), ZnS; ¢Se, 4 (2), ZnS; ,Se; ¢ (3), ZnSe (4); EPR
spectra of doped (b) NC:ZnS:Mn (1), ZnS, ¢Se, :Mn (2), ZnS ,Se; g:Mn (3), ZnSe:Mn (4), dashed lines

indicate forbidden transitions.

An investigation of the EPR spectrum of
the ZnS,Se,_, NC of solid solutions showed
that, even in the NC undoped by manga-
nese, all compounds contain a hyperfine
structure consisting of six equidistant lines
specific to the Mn2* paramagnetic centers
(Fig. 2a). In the compound with x = 1, these
lines turned out to be doubled that testify
to overlapping of two EPR spectra. One of
them, with the hyperfine structure constant
A= 17.15 mT, belongs to the Mn2* ions lo-
cated in a hexagonal local environment. An-
other spectrum, with a hyperfine structure
constant A = 6.88 mT, is associated with
Mn2* ions that are located in a cubic envi-
ronment. The obtained result correlates
with the XRD data that established the
presence of a mixed crystal structure of the
ZnS,Se,_, NC. The weak lines are observed in
the compounds with x =1 and x = 0.9 (they
are marked by dashed arrows in Fig. 2), that
can be associated with forbidden transi-
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tions. For them, the change in the electron
spin, as for the allowed transitions, is AM =
+1, and the change of nuclear spin Am = #1,
while for permissible transitions Am = 0.
The forbidden transitions were observed in
the ZnS NC by other authors as well [13].
Their occurring is stipulated by severe lat-
tice strain, as well as numerous disrupted
bindings on the surface specific to NC. A
single EPR line with g = 1.9998 associated
with uncontrolled impurity — Cr* ions, was
recorded in the same NC. Such line is also
observed in ZnS bulk crystals [14]. It should
be highlighted that usually the EPR signal
stipulated by Cr* ions is detected in zine sul-
phide crystals under UV excitation. The occur-
rence of such signal in unilluminated NC may
indirectly indicate that the ZnS and ZnS; ¢Seq 4
NC have the n-type of conductivity.

It is the electron capture at local levels of
chromium that isovalently substitute the zinc
in the zinc sulphide lattice (Cr2* + e = Cr*),
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leads to the occurrence of a line associated
with Cr* ions in the EPR spectra. At the
room temperature, the EPR signal of Cr*
ions in zinc selenide crystals is not observed
due to the decrease in the spin-lattice re-
laxation time. In compounds with
0.2<x<0.9, the EPR line with g =1.9998
was also not observed. The intensity of for-
bidden transitions was found to be at the
noise level, and one group of six hyperfine
structure lines specific to cubic local sym-
metry in ZnS crystals dominated the EPR
spectrum of Mn2* ions. For these com-
pounds, the EPR ultrafine splitting con-
stant of Mn2* ions varies insignificantly and
is within the range of A = 6.88+6.91 mT.
Thus, it can be stated that in the NC of
these compounds, the Mn2* ions are not
placed in a mixed environment but in the
environment of sulfur ions, although the
XRD data indicate the presence of triple
compounds in this range of x. In compounds
where x<0.2, the crystal structure of
ZnS,Se,_, NC, as noted by the XRD data, is
characterized by the maximum degree of
microdeformations and the density of dislo-
cations. According to EPR data, in these
compounds the local environment of Mn2*
ions changes abruptly, and now they are
surrounded by selenium ions. The ultrafine
splitting constant decreases abruptly to a
value A = 6.55 mT. A similar result was ob-
served in ZnS,Se,_, bulk crystals [15].

The EPR spectrum of Zn§,Se,, NC
doped by manganese is characterized by
strong and wide lines of the hyperfine
structure of Mn2* jons. Only in the com-
pound with x = 1 this line structure is dou-
bled (Fig. 2b), that confirms the presence of
mixed crystal structure of ZnS NC. A single
EPR line is observed in these crystals stipu-
lated by Cr*. In the compounds 0.9<x<1, it
is also possible to observe forbidden transi-
tions with weak intensity. As in self-acti-
vated NC, despite the formation of mixed
compounds according to XRD data, in
ZnS,Se,_, NC with 0.2<x<1, the Mn2* ions
are not in a mixed environment but sur-
rounded by sulfur ions. In compounds with
x<0.2, simultaneously with the jump of the
hyperfine structure constant, that was men-
tioned above, the local environment of Mn2*
ions changes. In these NC, the Mn2* ions are
surrounded by selenium ions.

Thus, the obtained results testify that it
is possible to obtain NC of ZnS,Se,_, mixed
compounds by SHS method, as well as to
dope them during the synthesis with a man-
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ganese admixture. A mixed crystal struc-
ture characterizes NC in all compounds. In
the compounds with 0.2<x<1 according to
the EPR data, the local environment of the
MnZ* ions is not mixed. The Mn2* ions in
these NC are surrounded by sulfur ions. In
compounds with x<0.2, the Mn2* ions are
surrounded by selenium ions. Simultane-
ously with the change in the local environ-
ment of Mn2* ions, the hyperfine structure
constant of the EPR of Mn2* ions changes
abruptly from a value A = 6.88+6.91 mT to
A = 6.55 mT. The presence of a single EPR line
of Cr* ions in unilluminated ZnS,Se,_, NC with
0.9<x<1 can indirectly testify the n-type of
the conductivity of the obtained samples.
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