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In the paper ZnSe nanocrystals were obtained from bulk ZnSe crystal using two
different methods: mechanical milling and heating of bulk crystal with subsequent deposi-
tion of zinc and selenium in the pores of silica matrix. Both samples demonstrate well-
known for ZnSe bulk crystals luminescence band at ~ 500 nm, however its temperature
stability is sufficiently higher for nanocrystals obtained by either of two routes than for
correspondent bulk sample. Beyond ZnSe luminescence, sample obtained by mechanical
milling show ZnO luminescence determined by ZnO layer formed at the surface of ZnSe
nanocrystal in oxidative atmosphere.
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WcenemoBaHbl HAHOKPUCTANLABEI ZNSe, MOJyuYeHHBIe M3 00LEeMHOro Kpucraana ZnSe mpu
MOMOIITM ABYX METOJO0B: MeXaHWUECKOTO pasMoJia M HarpeBaHUs O0BLEeMHOTO KpHUCTAaJIa C
MOCAeAYIONIUM OCaKJIeHeM ITMHKA M cejlleHa B TOpax MAaTpUIBl AMoKcuma Kpemuusa. Oba
of0pasija JeMOHCTPUPYIOT XOPOIIO U3BECTHYIO MJIA 06H-eMHOr0o KpucTajaa ZNSe moocy JIoMU-
Hectennuu upu ~ 500 HM, OJHAKO €e TeMIIepaTypHasa cTadMUJIbHOCTh CYIIECTBEHHO BBIIIE JIJIA
HAHOKPHUCTAJNJIOB, MOJYUYEHHBIX KaKUM-JTNG0 M3 ABYX METOAO0B, UeM /JIJIsI COOTBETCTBYIOIUX
00'beMHBIX MaTepuasos. IloMmumo JoMuHecHeHIMH ZNSe, obpasel, MOJyYEeHHBI MEXaHUYeC-
KHAM PasMOJIOM, AEMOHCTPUpyeT JioMuHecueHnnioo ZNO, IPpHYMHON KOTOPOU ABJISCTCS HAJM-
uyne caosa ZnQO, KOTOPLIi (popMupyeTes Ha MOBEPXHOCTH HAHOKPHCTAMIA ZNSE B OKUCIAUTEND-
HOUW aTMmocdepe.

OrpuManna HaHOKpucTaJiB ZNSe 3 06’eMHux Kpucraiis ZnSe 3a J0I0OMOrorw mMexaHid-
HOI'0 PO3MOJIy i XiMiuHOro ocajskeHHa 3 mapoBoi (pa3u y MATPHUIAX JIOKCHAY KPEeMHIiIO.
JI.I.Borowuna, B.B.Ceminvro, I.I.Becnanosa, I1.0O.Maxcumyuyr, O.I.Bszun, A.O.Macanos.

Mocaimxeno HaHOKpucTaau ZnSe, 1o orpumani 3 o6’emHoro kpucraina ZNnSe sa L0IOMO-
ro JBOX METOAiB: MeXaHiuHOro poaMoJy i HarpiBaHHa 06’€MHOro Kpucraja 3 HOJAJNbIINM
OCaKeHHAM HHHKY i cejeHy y mopax Marpurni giokcuay xpemuiro. OO0ugBa 3pasKu JeMOH-
CTPYIOTH A00pe Bigomy misi ob6’emHoro Kpucrana ZnSe cmyry Jwomimecnenrii ~ 500 wuwm,
mpoTe ii TemMmepaTypHa CTabiJBLHICTL iCTOTHO BHUMIA A HAHOKPUCTAJIB, OTPUMAHUX OYAb-
AKUM i3 IBOX MeETOMAiB, HisK ANaA BigmoBigmmx o6’emuumx martepianis. Kpim miominecmemnirii
ZnSe, 3pa3oK, OTPUMAHMN MEXaHIYHUM DPO3MOJIOM, JeMOHCTpye Jiominecienrio Zn0O, npu-
YMHOKW AKOI € HaaBHicTs mapy ZnO, axuil GpopMyeThcs Ha IIOBEepXHI HaHOKpicrama ZnSe B
OKHCJIIOBAJIBHOMY CEepPeIOBHII.

Functional materials, 24, 1, 2017 11



L.IVoloshina et al. / Obtaining of ZnSe nanocrystals ...

1. Introduction

Semiconductor ABV! nanocrystals (such
as ZnSe, CdSe, ZnS and CdS) recently have
drawn a lot of attention as perspective ma-
terials for development of solar cells [1-3],
lasers and displays [4—7], and fluorescent
probes for detection of biological objects at
multi-parameter medical diagnostics [8-11].
Such a wide range of applications of these
materials is determined first of all by their
size-dependent electronic properties, namely
by strong size dependence of their band gap
width allowing obtaining of nanostructured
materials with tunable emission [4, 7].
Modification of the surfaces of AlBV!
nanocrystals by organic molecules [12] or
their incorporation into semiconductors
with larger band gaps [13] allows obtaining
bright and stable luminophors for the wide
range of practical applications.

Luminescence characteristics of both AllBV!
bulk crystals and nanocrystals are depend-
ent on their method of preparation and
treatment as well. Presence of cationic and
anionic vacancies, interstitials, and surface
defects of various kinds are the factors
which can drastically change the optical
properties of AllBV! materials.

In our paper we have used two different
methods of ZnSe nanocrystals obtaining from
corresponding bulk crystal: first one was the
mechanical milling of bulk ZnSe crystal and
second one — the heating of bulk crystal with
subsequent deposition of zinc and selenium in
the pores of silica matrix. The role of SiO,
template was two-fold: as a substrate for
deposition of ZnSe from the vapor phase and
for restriction of the ultimate size of result-
ing nanocrystals by the size of the pore. As
turned out, both samples demonstrate unex-
pected temperature stability of donor-ac-
ceptor luminescence at ~ 500 nm making pos-
sible use of these materials for a number of
applications in luminescent techniques.

2. Experimental

ZnSe nanocrystals were obtained from
ZnSe bulk crystal grown by chemical vapor
deposition (CVD) method using two differ-
ent routes — namely, by mechanical milling
of bulk crystal and by heating of bulk crys-
tal in the furnace tube with subsequent
deposition in the pores of silica matrix.

ZnSe powder (2.5 g) obtained after mill-
ing of ZnSe (CVD) crystal was placed in an
agate mortar with 5 ml of n-heptane. After
milling the resulting paste was placed into a
measuring cylinder with ground-based plas-
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tic cap on the volume to 25 ml and the
treatment was performed in an ultrasonic
bath for 10 min. Thereafter, the cylinder
was refilled with n-heptane to 15 ml mark
and sedimentation of resulting solution was
realized during 48 h.

Si0, matrices were synthesized according
to the method described in [14]. To 3.15 ml
of methanol (CH;OH) 3.75 ml of tetra-
methoxysilane (TMOS) were added, the re-
sulting mixture was stirred for 5 min. Then
4.5 ml of distilled water were added to the
mixture which was again stirred. To increase
the rate of hydrolysis, 0.525 ml of hydrochlo-
ric acid were added. The mixture obtained
was poured to Petri dishes of 35x10 mm?2 and
sealed. The process of gel formation took
24 h, followed by drying at 45°C during for
5 days. Annealing of the dried samples took
place at 250°C, 500°C and 750°C with 60 min
exposure at each temperature.

The samples obtained were transparent
colorless disks with a diameter of 20 mm and
a thickness of 1 mm. Density and porosity of
the silica matrices determined by the method
of hydrostatic weighing were 1.40 g/cm3 and
54 vol.%, respectively. High value of poros-
ity was obtained by careful selection of the
ratio of reagents as well as the parameters of
synthesis (gel formation, drying and anneal-
ing) and no extra additives were used. Aver-
age diameter of pores (~ 8.5 nm) was deter-
mined by the method of nitrogen adsorp-
tion/desorption isotherms.

Second method of ZnSe nanocrystals ob-
taining (CVD method) includes the chemical
reaction in the vapor phase over the surface
of SiO, matrix following by precipitation of
the reaction product in the matrix. CVD
tube furnace consisted of two zones: hot
zone and cold zone. The first one was
heated up to 800°C, to this zone CVD ZnSe
bulk crystal was placed. High temperature
led to evaporation of Zn and Se atoms (in
the form of separate atoms, not molecules).
These atoms were deposited in the cold zone
of the tube where silica matrix was placed.
Deposition of Zn and Se atoms was accom-
panied by their interaction on the surface
and within the pores of SiO, marix followed
by formation of ZnSe nanocrystals.

Luminescence spectra were obtained
using spectrofluorimeter based on the grat-
ing monochromator, luminescence was ex-
cited by diode-pumped solid state laser with
Aexe = 457 nm. Temperature was varied
from 10 K to 300 K using ARS DE-204AE
cryostat with LakeShore 335 temperature
controller.
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Fig. 1. a) TEM of ZnSe nanocrystals obtained
by milling of ZnSe (CVD) crystal. b) Scheme
of CVD method of ZnSe nanocrystals obtaining
in silica pores and image of ZnSe nanocrystals
obtained in pores of SiO, matrix.

3. Results and discussion

TEM of ZnSe nanocrystals obtained by
mechanical milling is shown in the Fig. la.
The average size of nanocrystals was varied
in the range from 90 to 250 nm. Image of
Si0, matrix with ZnSe nanocrystals ob-
tained by CVD method is shown in the Fig.
1b. Red tint of SiO, matrix with ZnSe
nanocrystals can be formed by excess zinc
deposited on the surface of SiO, matrix.

Luminescence spectra of bulk ZnSe crystal
obtained by CVD method at 4 K, 77 K and
300 K are shown in the Fig. 2. Luminescence
spectra at all temperatures contain wide band
with maximum at 480-490 nm. At 10 K the
spectrum is more complex containing also an
additional wide band with maximum at about
520 nm and a high number of narrow peaks
ranging from 440 to 470 nm formed by near-
edge transitions of free and bound excitons.
More close investigation of the temperature
dependence of 490 nm band for bulk CVD
crystal shows that intensity of this band is
close to zero already at 150 K. Such a strong
temperature dependence is typical for donor-
acceptor transitions with participation of
electrons trapped by defect states and local-
ized close to the edge of conduction band.
Temperature quenching of luminescence is de-
scribed by: I = Iy(1 + Bel=Ea/kT}H~1 (here E,
is the activation energy which is determined
by the gap between the bottom of conduction
band and the level from which the lumines-
cence occurs) allows determining the activa-
tion energy. The values of the activation en-
ergies E, (Fig. 2, inset) are different in the
low and high temperature regions (5 meV and
280 meV, correspondingly). Value of activa-
tion energy in the high temperature region
(280 meV) is close to the difference between
the bottom of conduction band (about 2.7 eV)
and position of the level, from which 490 nm
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Fig. 2. Luminescence spectra of ZnSe bulk
(CVD) crystal at 10 K, 77 K and 300 K. In
the inset — temperature dependence of lumi-
nescence intensity for ZnSe CVD bulk crystal
in {1/kT, In(I,/I) — 1} coordinates.

luminescence originates (about 2.5 eV if we
suppose that recombination of trapped elec-
trons occurs with the holes from the valence
band). So, the supposition about participa-
tion of the bottom of conduction band in the
quenching of green luminescence of ZnSe
crystal seems plausible.

The luminescence spectra of ZnSe
nanocrystals obtained after milling of ZnSe
(CVD) crystal at 300 K and 10 K are shown
in the Fig. 3.

At 300 K the luminescence spectrum
consists of the wide complex band with
maximum at about 380 nm (3.28 eV). This
spectrum can be decomposed into two
Gaussian bands with maxima at 480 nm
(2.62 eV) and 380 nm (3.28 eV). The first
one corresponds to the green luminescence
band observed in bulk crystal. As can be
seen from Fig. 8a, temperature quenching
of 480 nm band in ZnSe nanocrystals ob-
tained after milling of ZnSe (CVD) crystal
is less than for corresponding bulk crystal.

The second luminescence band (3.28 eV)
cannot be formed by transitions between
any defect levels in the band gap of ZnSe
lattice as the band gap of ZnSe is ~ 2.7 eV,
but position of this peak is close to the
well-known green luminescence band of ZnO
nanocrystals widely discussed in the number
of papers [15—-16]. ZnO is readily formed on
the surface of ZnSe nanocrystals in air.
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Fig. 3. Luminescence spectrum of ZnSe nanocrystals obtained by milling of ZnSe (CVD) crystal at

300 K (a) and 10 K (b).

This assumption is clearly confirmed by lumi-
nescence spectrum taken at 10 K. In this
spectrum two distinct series of exciton transi-
tions at 2.6-2.8 eV and 3.2-3.4 eV can be
observed. The first series corresponds to the
series of exciton peaks observed for ZnSe
bulk crystal (Fig. 2), while the second one is
typical for zinc oxide. So, mechanical milling
of ZnSe bulk crystal leads to formation of
nanocrystals with core formed by ZnSe, while
its surface layer is formed preferably by ZnO.

Oxidation of ZnSe surface with sub-
sequent formation of surface ZnO layer can
be prevented if nanocrystals are formed in-
side the pores of silica matrix. Also ZnSe
nanocrystals with sufficiently smaller sizes
determined by diameter of pores (~ 3.5 nm)
in silica matrix can be obtained.

As can be seen from Fig. 4a, band edge
absorption of ZnSe nanocrystals in the
pores of SiO, matrix (Fig. 4a) is shifted to
the higher energies as compared to absorp-
tion of the bulk ZnSe CVD ecrystal (band
gap increases from 2.7 eV for CVD crystal
to ~ 2.8 eV for ZnSe nanocrystals in pores
of SiO, matrix). Increase of the band gap
for nanocrystals is a direct manifestation of
quantum size effect connected with the de-
crease of the size of nanocrystal. Depend-
ence of the band gap of semiconductor
nanocrystal on its size can be determined
using the following approximate relation:

A2 1.786¢2
2R2u  4mepeR’

ER)=E, +
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where E; is a band gap of the bulk crystal,
R is the size of the nanocrystal and u is a
reduced mass of an electron and an hole
[17]. Using the previously determined band
gaps and taking the values of € and p for
ZnSe from the literature data [18], the av-
erage size of nanocrystals can be deter-
mined, which is equal to ~ 3 nm.

In the Fig. 4b luminescence spectra of
ZnSe nanocrystals obtained in the pores of
Si0, matrix by CVD method are shown.
These luminescence spectra are complex and
consist of two bands in the green region
with maxima at about 500 nm and 530 nm
that can be ascribed to the presence of two
different types of electron-trapping defects
and less pronounced band in the red region
that has not been observed for different
samples. Also the width of the complex
band exceeds sufficiently the width of the
luminescence band for bulk CVD crystal. In-
crease of the temperature from 77 K to
300 K leads to decrease of the intensity in
only 1.4 times, so the processes of tempera-
ture quenching have very small influence on
the luminescence of nanocrystals obtained
by this method. Values of activation ener-
gies of temperature quenching (Fig. 4b) are
44 meV and 5 meV for high temperature
and low temperature region, respectively.

Sufficiently different temperature de-
pendences of luminescence intensity of
green band for bulk crystal and nanocrys-
tals allow supposing the different mecha-
nisms of luminescence quenching in ZnSe

Functional materials, 24, 1, 2017
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Fig. 4. a) Band edge absorption of bulk ZnSe CVD crystal and ZnSe nanocrystals in the pores of
Si0, matrix, b) Luminescence spectra of ZnSe nanocrystals in the pores of SiO, matrix at 77 K and
300 K. In the inset — temperature dependence of luminescence intensity for ZnSe CVD nanocrys-
tals in silica pores in (1/kT, In(I,/I) — 1) coordinates.

bulk and nanocrystals. Analysis of decay
curves [19] have shown that while for bulk
crystal quenching of luminescence takes place
with participation of the bottom of CB, for
nanocrystals becomes inefficient due to in-
crease of the gap between the bottom of con-
duction band and the level, from which lumi-
nescence occurs. The same mechanism can be
valid also for ZnSe nanocrystals obtained
after milling of ZnSe (CVD) crystal.

4. Conclusions

ZnSe nanocrystals were obtained from
bulk ZnSe crystal using two different
routes: mechanical milling and heating of
bulk crystal with subsequent deposition in
the pores of silica matrix. For ZnSe
nanocrystals obtained by mechanical milling
formation of surface ZnO layer was deter-
mined. All samples demonstrate presence of
green luminescence band at ~ 500 nm which
temperature stability is sufficiently higher
for nanocrystals obtained by either of two
routes than for correspondent bulk sample.
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