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We investigated photoluminescence spectra of nanocrystals of ZnS.Se:-.Mn solid solutions obtained
by the method of self-propagating high-temperature synthesis. At room temperature, these nanocrystals
luminesced in the visible area of spectrum for all values of the parameter x. Six individual bands were
discovered in photoluminescence spectra of ZnSiSei -.:Mn nanocrystals by the method of fourth-sixth de-
rivative spectroscopy. For compounds with x = 1, these bands are characterized by maxima of emission:
Amax = 639 nm (1), 616 nm (2), 600 nm (3), 580.5 nm (4), 555 nm (5), 530.5 nm (6), respectively. Probably,
bands 1-5 are related to Mn2+ ions in different local environment. The maxima position of emission of 4-5
individual bands does not almost depend on x parameter value, maxima of 2-3 bands are monotonously
displaced in a short-wave area with the increase of x parameter. Maximum of band emission 1 changes the
hopping position in the range of x values: x = 0.2+0.4, which is related to hopping change of local environ-
ment of Mn2+* ions in MnS phase. To all appearance, 6 band's emission is not elementary, therefore its po-
sition of maximum of emission depending on the parameter value of x has hopping character.
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1. INTRODUCTION

ZnSxSe1 -« solid solutions are perspective materials
for creation of light-emitting diodes, lasers, lumines-
cent matrices, sources of white light, photoelectric re-
ceptors of short-wave radiation, solar panels [1-3]. The
alloying of ZnSxSe1 - solid solutions allows to get such
materials with n- and p-type conductivity and also
emitting structures in the whole visible range of wave-
lengths that extends their practical application domain
substantially. Additional interest in these solutions is
conditioned by their use in optoelectronic structures in
the form of nanocrystals (NC) [4-5]. Therefore, the
development of perspective technologies of NC synthe-
sis 1s a vital task. In order to obtain ZnSxSe1-:Mn NC
we used the method of self-propagating high-
temperature synthesis (SHS). This method is charac-
terized by a number of advantages: small time of tech-
nological process, possibility of obtaining final product
in large volumes, low cost and energy consumption per
unit of product, simplicity of used equipment and its
environmental safety [6, 7].

ZnS:Mn NC [8, 9], ZnSe NC [10] and ZnS:Se1-x:Mn
NC [11] were obtained by this method before. Besides,
individual bands of emission in photoluminescence (PL)
spectra of ZnS;Se1-:Mn NC were investigated only for
parameter value x =1 [12]. In this work, we stated the
study problem of PL individual bands behavior in emis-
sion spectra of ZnS:Sei-:Mn in the whole range of x
values.

2. METHODOLOGY OF EXPERIMENT AND
CHARACTERISTICS OF OBTAINED NC

Synthesis of NC of ZnS:Se1-x:Mn solid solutions was
performed according to methodology described in the
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work [11]. MnClz salt in an amount of 10-2 wt. % was
added to the initial charge for alloying of ZnSiSe1-x NC
by Mn2* ions. As a result, NC with the mixed crystal
structure were obtained. Their sizes were within the
limits of 55 + 5 nm according to the data of X-ray diffrac-
tion (XRD) analysis The fraction of the hexagonal phase
in the ZnS NC was ~(65+5)%, the cubic phase
~ (35 +5) %. When the parameter x decreased, the frac-
tion of cubic phase in the ZnS:Sei-xMn NC increased
and hexagonal phase decreased. The fraction of hexago-
nal phase was (30 =5) % and cubic one (70 + 5) % in the
ZnSe NC [11].

The parameters of the NC crystal lattice of ZnSxSe1 -«
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 ZnSiSei-x solid
solutions, that are within a=5.4093 A (for x=1) to
a=5.6687 A (for x=0) [13]. This, in turn, testifies the
strain stresses specific to NC. Degrees of microdefor-
mations (Aa/a) of the ZnS«Se1-x NC crystal lattice lie in
the range from 5104 to 2:10~3. The minimum degree of
microdeformations is specific to compounds with x=1
and x=0.9, and the maximum degree — to compounds
with x = 0.2. The dislocation densities ranged from 5-1010
to 1-1012, 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 obtained data
allow to presume that there is a substantial transfor-
mation of crystal lattice of the ZnSsSe1-x NC in composi-
tion with x = 0.2 [11].

PL of NC was excited by emission of the diode
(Aex =408 nm). The PL spectra were registered according
to standard methodology at room temperature; photoelec-
tronic multiplier — 136 was used as a radiation detector.
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3. RESULTS OF EXPERIMENT AND THEIR
DISCUSSION

PL spectra of ZnS:Se1 - Mn NC in the whole range of
x values at room temperature were registered in the red-
orange spectrum region. PL of the ZnS,Sei—x:Mn NC in
comparison to the spectra of bulk crystals were charac-
terized with a greater half-width 10-15 nm (& = 0.004-
0.005 eV) and were displaced in the short-wave region of
spectrum 10-15 nm (£ =0.005eV). The spectral maxi-
mum of emission was displacing monotonously in a short-
wave area with the increase of x parameter (Fig. 1).
Half-width of experimental PL spectra of ZnS.Se1-x:Mn
NC is within the limits of values 92-114 nm (0.34-0.41 eV),
besides PL spectra are characterized with asymmetric
form (Fig. 2). It indicates that the experimental PL spec-
tra are not elementary. The half-width of PL spectra
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depending on the x parameter was characterized by
complex? dependence. In the range of values x = 0+0.4,
the half-width of PL spectra decreases monotonously
from a maximal value at x = 0, then it increases reaching
the extremum at x=0.6+0.8. In the range of x=0.8+1,
half-width of PL spectra diminishes. The obtained exper-
imental facts (Fig. 1) indicate about possible appearance
of new individual bands and also about the intensity
redistribution of individual bands which compose the
experimental PL spectra of the ZnS.Sei—.:Mn NC. Be-
sides, it should be noted that the considerable changes of
half-width of PL experimental spectra take place in the
range of values x=0+0.4. As it was mentioned above,
according to data of XRD analysis, there is a substantial
crystal lattice rearrangement of the ZnSxSe1 —x:Mn NC in
this range of x values.
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Fig. 1 - Smoothed dependences of maximum position (a) and half-width (b) of PL spectra in the ZnS,Sei-x NC on the parameter x

The noise reaches 4-8 % in the experimental PL spec-
tra of the ZnS.Se1-xMn NC in a maximum of amplitude.
The maximum amplitude of noise was observed for
ZnSp.2Seo.s:Mn NC and the minimum one was observed
for ZnS:Mn NC. The smoothing of spectra was conducted
by Tikhonov method. The constants of smoothing were
obtained based on methodology presented in the work
[14]. The decomposition on individual bands was con-
ducted by the method of derivative spectroscopy using
the fourth, fifth and sixth derivatives. As the obtained
values of parameters of individual bands, which are the
constituents of the experimental PL spectrum, contain
errors because of measuring’s noise and calculation er-
rors, we clarified the obtained results with least-squares
method [14]. The obtained results of decomposition of PL
spectra of the ZnSxSe1-x:Mn NC on individual bands for
some compositions are presented in Fig. 2.

In ZnS:Mn NC we detected six individual bands
with Amax=639nm (£ =1.939eV) -1, Amax=616 nm
(E=2.012eV)—2, JAmix=600nm (E =2.066 eV)— 3,
Amax = 580.5 nm (E =2.135 eV) —4, Amax = 555 nm
(E=2.233 eV) — 5, Amax=530.5nm (E =2.337 eV). The
obtained result agrees well with the data of determina-

tion of position of individual bands in ZnS:Mn mono-
crystals and in ZnS:Mn NC [12, 15] by Alentsev-Fock
method. The detected PL bands are in all compounds of
ZnS:Se1-x:Mn NC. Wherein the position of a maximum
of individual bands depending on the value of x param-
eter displaces within the limits of 30 nm (0.08 eV) and
spectrum half-width changes within the limits of 8 nm
(0.02 eV). So, in ZnSe:Mn NC, these bands of emission
are characterized by the following parameters:
Amax = 675.5 nm (E =1.835 eV) - 1*, Amax = 642.5 nm
(E=1.929eV) -2, Amax=613nm (E=2.022¢V)-3,
Amax = 583.5 nm (E=2.124¢eV) -4, Amax = 550 nm
(E=2.255eV)—5, Amax=528.5nm (K =2.345¢eV)—6.
The results of the detection of individual PL bands in
ZnSe:Mn NC were compared with the results of the
work [16], where the individual PL bands were detect-
ed in ZnSe:Mn monocrystals by Alentsev-Fock method
(Fig. 3). Six elementary bands were also detected in

these crystals: Amax=679nm (E=1.825eV)-1',
Amax = 644 nm (E=1.925¢eV) -2, Amax = 615 nm
(E=2.015eV)—3", Amax=587.5nm (E=2.11eV)—-4,
Amax = 551 nm (E =2.25 eV) - 5‘, Amax = 533 nm

(E=2.325eV) -6
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Fig. 2 - PL spectra of ZnS:Sei-:Mn NC for the values of parameter x=0.4 (a), 0.6 (b), 0.8 (¢): individual bands of PL with

Amax =650.5nm (E=1.905eV)—1, Amax=638.5nm

(E=1.941eV) -2,

Amax=612nm  (E=2.025eV) -3, Amax= 583 nm

(E=2.126 €V) — 4, Amax = 553.5 nm (E =2.239 V) — 5, Amax = 525 nm (E = 2.36 eV) — 6 for compounds with x = 1; 7 — an integral PL
spectrum (sum of individual bands), 8 — an experimental PL spectrum, 1* —individual PL band Ama =673 nm (E = 1.841 eV)

observed in compounds with x = 0.4, 7= 300 K

As seen from comparison of maxima position of indi-
vidual bands 1'-6' and 1*-6, they correlate well, differing
from each other by position of maxima of individual
bands displaced to the short-wave area no more than
5 nm (0.02 eV). It should be noted that the half-widths of
spectra in NC exceed the half-widths of corresponding
bands in monocrystals on average of 10-20 nm (0.04-
0.06 eV). Such distinction can be conditioned by the
microdeformations of crystal lattice of ZnSe:Mn NC.

The sum of all detected individual bands, that is the
integral PL spectrum, is presented by the curve 7 in
Fig. 2 and Fig. 3. Almost the complete coincidence of
integral PL spectrum with the experimental PL spec-
trum of ZnSxSei-x=Mn NC (curve 8) testifies the correct
decomposition of experimental spectrum on individual
bands. We observed certain deviation between curves 7
and 8 on the edges of PL spectrums, where the ratio
noise/signal increases sharply.

In works [8, 12], the emission of individual bands 1-
5 in monocrystals and ZnS:Mn NC was related to Mn?2*
ions, which were in different local environment. The
position of maxima of individual bands of emission 4-5
in ZnS,Se1-xMn NC almost does not depend on the
value of x parameter, maxima of bands 2-3 are monoto-
nously displacing to the short-wave region with the
increase of x parameter (Fig. 4). It should be noted that
individual band 1 is traced in compounds with the val-
ue of x=0.4+1. A maximum of emission changes une-
venly from  Amax=650.5nm (E=1.905eV) to
Amax = 673 nm (E = 1.841 eV) at less values of x. A band
with Amax=675.5nm (K =1.835¢eV) is stabilized in
compounds with the value of x=0+0.2. We marked
individual band 1 as band 1* after hopping changing
the position of the emission maximum in compound
with value x = 0+0.4.

As it was mentioned above [12], this band of emission
can be related to Mn2* ions in phase a-MnS. Besides,
according to research data of EPR spectra of Mn2* ions
in ZnSiSe1-xMn NC [11] it was shown that Mn?+ ions

are not in the mixed environment in NC with the pa-
rameter x = 0.2+0.9. They are in environment of sulphur
ions, although XRD analysis data testify the presence of
triple connections in this range of x values. Crystal
structure of ZnS:Se1-» NC is characterized by the maxi-
mum degree of microdeformations and dislocation densi-
ty in compounds with x <0.2. According to EPR data,
local environment of Mn2* ions changes unevenly exactly
in these compounds — now they are surrounded by sele-
nium ions. The constant of ultrafine splitting in EPR
spectra of Mn2* ions diminishes unevenly from
A=6.88+6.91 mT to A=6.55mT. A similar result was
observed in ZnSisSei-» bulk crystals. It is this circum-
stance that can explain the hopping change of maximum
position of individual band 1 and its transformation into
the individual band of emission 1* (Fig. 4), and also
hopping change of half-width of experimental PL spectra
in ZnS:Sei-xMn NC compounds with the parameter
x~0.2 (Fig. 1).

The behavior of the individual band of emission 6 de-
pending on the value of x parameter also deserves atten-
tion. By the appearance, this band is not elementary
either. This individual band of emission can be associat-
ed with the isolated vacancies of sulphur or uncontrolled
copper admixtures [17]. Besides, it should be noted that
obtaining of ZnSxSe1-x:Mn NC by SHS method is accom-
panied by the formation of anionic vacancies (S, Se) in
connection with high volatility of anionic components.
Maybe therefore the maximum position of emission band
depending on x parameter does not have a monotonous
character, but is a hopping one.

4. CONCLUSIONS

ZnS:Se1-x:Mn NC spectra obtained by SHS method
were investigated. PL spectra of these NC in the whole
range of x values were concentrated in the visible spec-
tral region at room temperature. The half-width of
ZnSsSe1 - »:Mn PL spectra was maximal for compound
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Fig. 3 - PL spectrum of ZnSe:Mn monocrystals (a) and detected individual bands in it by Alentsev-Fock method: Amax = 679 nm
(E=1.825eV)—1, Amx=644nm (E=1925eV)—2, Amx=613nm (E=2.015eV)—3, Amux=587.5nm (E=2.11eV)—4,
Amax = 551 nm (K =2.25 eV) — 5', Amax = 533 nm (£ = 2.325 eV) — 6' according to data of the work [16]; PL spectrum of ZnSe:Mn NC
(b) and detected PL individual bands in it by derivative spectroscopy method with Amax=675.5nm (E=1.835¢eV)— 1%,
Amax =642.5nm  (E=1.929eV)—2, Amax=613nm (£=2.022eV)—3, Anx=583.5nm (E=2.124eV)—4, Amax=550nm
(E =2.255 V) — 5, Amax = 528.5 nm (E = 2.345 eV) — 6; 7 — an integral PL spectrum (sum of individual bands), 8 — an experimental
PL spectrum, 7= 300 K
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Fig. 4 - Dependence of maxima position of elementary PL bands in ZnS.Se:-.Mn NC depending on x parameter: Amax = 675.5 nm

(E =1.835eV) — 1%,

Amax =642.5nm (£E=1.929eV) -2, Anax=613nm (£=2.022eV) -3, Amax=583.5nm (E=2.124¢eV)—4,

Amax = 550 nm (E = 2.255 V) — 5, Amax = 528.5 nm (E = 2.345 eV) — 6 for composition with x = 0, Amax = 639 nm (E = 1.939 eV) — 1 for

compound with x = 0.4, =300 K

with x =0 and minimal for compound with x=0.4 and
x = 1. Six individual bands were detected by the fourth to
sixth order derivative spectroscopy method in the PL
spectra of ZnSiSe1—x:Mn NC. For compound with x=1,
these bands are characterized by such maxima of emis-
sion: Amax =639 nm (1), 616 nm (2), 600 nm (3), 580.5 m
(4), 555 nm (5), 530.5 nm (6), respectively. The position
change of maxima of individual emission bands in
ZnSxSe1-xMn NC was analyzed depending on the value
of x parameter. The features of the behavior of individual

emission bands 1 and 6 are established. Band 1 changes
its position unevenly in the range of values x=0.2+0.4,
which is related to hopping change of local environments
of Mn2* ions in MnS phase. Probably, band 6 represents
a superposition of a few elementary bands. Possibly, this
band of emission is connected with sulphur vacancies or
uncontrolled copper admixtures. Therefore, the maxi-
mum position of emission of band 6 depending on x pa-
rameter does not have a monotonous character, but is a
hopping one.
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Hocnimxenusa cuexTpis doromomMminecnennii Hanokpucraiais ZnSiSe: - x:Mn, oTpuMannx
METOIOM CAMOIIOIINPIOBAHOI0 BUCOKOTEMIIEPATY PHOT'O CHHTE3y

0.B. Kosaseuro, €.I'. ITnaxriit, O.B. Xmeneunko
JIninposcovruii HaulonanvHuil yHigepcumem imeni O. Tonuapa, np. I'azapina, 72, Ininpo, Yrpaina

Jocumimsrero criekTpu hOoTOIIOMIHECIIEHITT HAHOKPUCTAIIB TBEPANUX PO3YnHIB ZnSySe:1 - Mn, orpumanux
METOIOM CaMOIIOUIMPIOBAHOTO BUCOKOTeMIIepaTypHoro cuHredy. [Ipy KiMHATHIN TeMIepaTypi 11l HAHOKpPHC-
TAJIU TIPY BCIX 3HAYEHHSX ITapaMeTrpa X JIOMIHECI[IOBAaJIHU y BUAUMIN obsacri crexkrpa. MeTogom moximHol
CIIEKTPOCKOIIIT YeTBEPTOI0-IIOCTOr0 MOPSAKIB ¥ CIIEKTPax (hOTOIOMIHECIIeHII HaHOKpUCTamB ZnS:Ser - :Mn
BHSIBJIEHO IICTH 1HAUBIAya pHuX cMyT. Jist ckimany 3 x = 1 11 cMyTu XapaKTepu3yIThCS TAKUMU MaKCHMY-
MaM¥ BHUIIPOMIHIOBAHHS: Amax = 639 M (1), 616 uM (2), 600 HM (3), 580.5 HM (4), 555 M (5), 530.5 HM (6) Bi-
nmosigao. Cmyru 1-5, iMOBipHO, moB'sidadi 3 ioHamu Mn2* B pisHOMY JIOKaJbHOMY OoToueHHl. [lomoskenms
MaKCHMyMIB BHIIPOMIHIOBAHHS 1HAWBIAYaIbHUX CMYT 4-5 MPaKTUYHO He 3aJIEKUTDH BiJl 3HAYEHHS I1apaMer-
pa X, MAKCHMYMH CMYT 2-3 MOHOTOHHO 3MIIILYIOTHCS B KOPOTKOXBUJILOBY 00JIACTH 31 30LJILITIEHHAM IapamMeT-
pa x. MakcuMyM BHITPOMIHIOBAHHS CMYTH 1 CTPHOKOTOMIOHO 3MIHIOE CBOE TIOJIOYKEHHS B Jlalla3oHl 3HAYEHb
x=0.2+0.4, mo TOB'sI3aHO 31 CTPUOKOMOMIOHOMY 3MIHOI0 JIOKAJBLHOTO OTOUYeHHs 10HIB Mn2+* y dasi MnS.
CMmyra BHIPOMIHIOBAHHS 6, HAIIEBHO, HE € €JIEMEHTAPHOI, TOMY IIOJIOMKEHHS ii MAKCUMyMy BHUIIPOMIHIOBAH-
Hs B 3QJI€IKHOCT] BIJl 3HAYEHHS IapaMeTpa X HOCUTH CTPUOKOIIOIOHUIM XapaKTep.

Knrouori cnosa: Hanoxpucranu ZnS.Se: - ., CamonommproBanuit Bucororemeparypuuit cuare3, Cuexrpu
dorosrominecteniiii, Meroxg moximHol cmerTrpockomii, [HauBimyanpHl cMmyru BumpomiHboBaHHS, Jledertn
cTpykTypHu, Kpucrasiuna rpaTtka.
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