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We carried out molecular dynamics (MD) simulations of the oxidation of zinc nanoclusters to investi-
gate the process of the formation of Zn-ZnO “core-shell” nanoclusters. In the present work it is being shown
that the structure, shape and oxide layer thickness of the obtained particles directly depend on the initial
oxygen density and initial temperature of the system. An increase of initial oxygen density the oxide layer
thickness of obtained nanoparticles increase to a certain limit. During the analysis it was found, that cre-
ated clusters mainly preserved their structure of core, but structure of shell commonly was amorphous. Al-
so, we had studied the luminescence properties of experimentally created nanostructures. It was observed

increase in quantum efficiency of luminescence.
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1. INTRODUCTION

Nowadays we can observe especially active process-
es of researching and studying the metal oxide nano-
materials that have a large number of original physical
and chemical properties. Nanoparticles are prominent
in usage on different fields of technical use, among
them sensors take a special place [1, 2]. Zinc Oxide
(ZnO) plays vital role in building different kind of sen-
sors. It is a very interesting material with a wide range
of technical attachments. It can serve as a working el-
ement in electronic devices, solar cells and gas sensor
systems [3-5].

One of the simplest and most popular methods of ob-
taining nanoparticles is the gas phase method of evapo-
ration of a solid-metal target material in the atmosphere
of reactive gas followed by condensation on the substrate
surface [6-8]. Pulsed laser ablation is used for heating
the material with subsequent evaporation. We suggest a
method of the synthesis of metal oxide nanopowders by
pulsed laser evaporation of a metal target in a chemical-
ly active oxygen environment [9]. The laser impulse
heats the material of the metal pellet to a high tempera-
ture. Thus, atoms of the pellet evaporate into the system
with a working chemical-active background gas. Such a
mixture of gases contributes reducing of the kinetic en-
ergy of evaporated atoms and their chemical interaction,
which leads the formation of nanoclusters. During the
process of laser reactive synthesis under some conditions
there is a near-surface oxidation of nanoparticles that
detached from the target’s surface in the form of droplets
or formed in a vapor-phase torch from metallic target
atoms. This allows us to create complex materials, such
as “core-shell” nanopowders. By carefully selecting laser
radiation parameters and the pressure of background
gas, we have the ability to control the structure, size and
thickness of the oxide layer of the obtained structures.

It is known that the properties of nanoparticles are
determined by their structure, shape and size, which, in
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turn, is the result of the growth process of nanoparticles
[10]. Experimental study of mechanisms of the formation
of nanoparticles is a technically complex and time-
consuming task due to the fastness of the processes and
the small size of these objects. In the conditions of the
experimental gas phase synthesis, is, somewhat, compli-
cated to study in detail the influence of the basic param-
eters of synthesis on the physico-chemical and structural
properties, as well as the external form of the resulting
particles. Therefore, computer simulation is an alterna-
tive and promising way to study the mechanisms of the
formation of nanobjects. Using computer simulation
methods allows us to study the processes of growth and
synthesis of nanoparticles in condensation from the gas
phase in detail. [11]. In this work we had studied the
processes of oxidation of Zn nanoparticles in the oxygen
environment by molecular dynamics method. Also, we
had thoroughly studied the luminescent properties of
experimentally created nanostructures.

2. MODEL AND METHOD

We simulated the process of the formation of Zn-ZnO
nanoparticles using molecular dynamics method. This
computer simulation method is determined by numerical-
ly solving Newton's equations of motion for each atom of
the system under given initial conditions. In the classical
molecular dynamics, the method of the interaction be-
tween atoms is described by empirical force fields, and
the particles, that interact with each other are represent-
ed as point masses [12, 13]. A crucial step in establishing
the correct model is to choose the correct interatomic po-
tential for atoms of the system. By analyzing the nature
of the formation of such nanostructures and referring to
sources about the interatomic potentials, we have chosen
the Reactive Force Field (ReaxFF) potential [14, 15]. This
potential is designed for a wide range of chemical com-
pounds, including for ZnO and already had been used by
us in previous studies about the simulation of processes
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of the formation of ZnO nanoparticles in chemically ac-
tive environment [16].

ReaxFF is an empirical potential that derived from
quantum-mechanical calculations. The bond order is di-
rectly calculated from an interatomic distance and updat-
ed every iteration for all bonded interactions, including
covalent bonds, valence, and torsion angles. In addition,
the ReaxFF describes non-bonded van der Waals and
Coulomb interactions. Such interactions are calculated
for all pairs of atoms, and, by incorporating a shielding
term, extremely close-range interactions can be modified.
Polarization effects also are considered by using a geome-
try-dependent charge distribution derived from an elec-
tronegativity equalization method [17].

For this type of problem we used software package
Large-scale Atomic/Molecular Massively Parallel Simula-
tor (LAMMPS), developed by a scientific group from the
National Laboratory of Sandia. Calculations were per-
formed by us on a computing cluster of the Institute of
Applied Problems of Mechanics and Mathematics, which
is based on four Intel Xeon multi-core processors under
operating system Linux ROCKS.

The initial conditions of the simulation of the oxida-
tion process of Zn nanoparticles were six configurations.
We have been changing the size of the initial cluster Zn
(2-4nm), also, the oxygen concentration (2.6 x 109,
6 x 1019, 1.18 x 1020 atoms/cm3) in the investigated vol-
ume (8000 nm3) and the temperature of the system
(300, 600 K). The size of the cells ofor these configurations
were the same (200 x 200 x 200 A3) and it was done in
order to set different initial gas concentrations. In order
to avoid the premature union of atoms in the initial stag-
es of simulation, the atoms were located in the nodes of
the cubic lattice and the distance between the atoms was
set to be greater than the cut-off of the potential, and
therefore the gas atoms were not connected with each
other at the initial moment of time.

The directions of the initial velocities of oxygen atoms
were chosen randomly, the values of the initial velocities
were set according to the temperature of the system. The
temperature in the investigated volume was maintained
at a fixed two values (T'= 300, 600 K). The key point of
simulation is the connection of the system with the ther-
mostat to maintain a specific temperature of the system.
Since a significant amount of energy was released in the
process of oxidation of nanoclusters, such a connection is
necessary in order to avoid additional increases in tem-
perature. In real experiments, this connection is provided
by inert gas. In our computer simulation, temperature
control was achieved by using the Berendsen thermostat
method [18, 19]. This method is widely used to simulate
the molecular dynamics of the systems with a large num-
ber of degrees of freedom. To maintain temperature, the
system 1s connected to an external thermostat with a
fixed temperature. The speeds are calibrated at each step
in such way, that the change in temperature velocity is
proportional to the temperature difference of the system
and thermostat.

During simulation, the snapshots of the system was
stored every 0.5 ps. These snapshots, in addition to visual
observation, were, also, used to analyze the shape, size,
structure and thickness of the oxide layer of newly
formed nanoparticles. To analyze the internal structure
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of clusters, we used the Common Neighbor Analysis
(CNA) method [20].

3. RESULTS AND DISCUSSION

“Core-shell” Zn-ZnO nanoclusters were investigated
objects in our work. During the study, it was established
that the structure, thickness of the oxide layer and the
shape of the nanoparticles depends on the initial condi-
tions of formation, namely, the initial concentration of
gas and temperature of the system.

The oxidation process for different systems, with dif-
ferent initial conditions, took place differently. Figure 1
shows the image of the system at the initial moments of
time for various configurations. Gas concentrations were
chosen relatively large in order to be able to simulate the
oxidation process of nanoparticles for a relatively small
given simulation time (2 ns). In order to demonstrate
how the temperature influences on thickness of the oxide
layer of nanoparticles, we conducted MD simulations at
two different initial temperatures (300 and 600 K). For
nanoclusters with a diameter 2 nm under these initial
conditions, the separation between the nucleus and the
oxide shell was not observed. Oxygen atoms were dif-
fused completely into the cluster volume and ZnO
nanoclusters were formed.

a b c

Fig. 1 — Snapshots of the system at the initial moments of
time for different initial concentration of O atoms:
(a) 2.6 x 1019 (b) 6 x 109 (c) 1.18 x 1020 atoms/cm3

Figure 2 shows the snapshots of the cross sections of
nanoobjects with diameter 4 nm at the end point of time.
From the figures it is seen that as the temperature rises,
there is no clear distinction between the oxide film and
the nucleus of nanocluster and ZnO nanoclusters are
formed. This is due to the fact that nanoclusters with
such sizes at a temperature 600 K begin to melt, the
structure became amorphous, for oxygen atoms it was
much more easier to penetrate deep into the nanoparti-
cle. Also, at Figure 2 we can observe changing on the
thickness of the shell of finite nanoclusters within chang-
ing gas pressure. It is visually seen that with increasing
values of the initial gas pressure there is an increase of
the thickness of the oxide film, and the structure of the
film differs from the structure of the nucleus.

The dependence of the number of oxygen atoms on
the surface of Zn nanocluster with time for nanoclusters
with a diameter 4 nm and with 300 K temperature is
shown in Figure 3a, and with 600 K temperature in Fig-
ure 3b. From these dependences it follows that at room
temperature, the oxide shell reaches the peak of the
thickness, and at 7'= 600 K the film grows until the clus-
ter completely oxidizes and until ZnO nanoparticle is not
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Fig. 2 — Snapshots of the cross sections of Zn-ZnO nanoparticles
(d=4nm) at t=2ns for different initial concentration of O
atoms and temperature:

(a) n=2.6x10Yatoms/cm3, T'= 300 K; (b) n =6 x 1019 atoms/cm3,
T=300K; (¢ n=118x1020atoms/cm3, T=300K; (d)
n=2.6 x 1019atoms/cm3, 7T=600K; (e) n=6x 1019 atoms/cm3,
T =600 K; (f) n=1.18 x 1020 atoms/cm3, T'= 600 K

formed. As was said above, this is due to the fact that for
a given size of nanoclusters the temperature of 600 K is
sufficient to melt the nanoparticle.

Figure 4 shows the functions of radial distribution for
nanoparticles under different initial conditions. This
function allows us to determine the probability that two
atoms are located at a certain distance from each other
[21]. And depending on the placement of atoms, we can
determine which nanoclusters are amorphous and which
are crystalline. The peaks of curves of radial distribution
function correspond for interatomic distances. The black
color is marked curves at the initial moments of time,
and in red at the final moments of time. It is evident
that at the initial moments of time one of the greatest
peaks is clearly expressed. This is due to the fact that
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the nanocluster consists only of Zn atoms. With an in-
crease of the initial gas concentration, there is a decrease
of that initial peak and an increase in peak in the vicini-
ty of 2 A. This is due to the fact that the oxygen atoms
penetrate inside the pure Zn nanoclusters and the prob-
ability of finding O atoms in that nanoclusters increases.
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Fig. 3 — Dependence of the number of oxygen atoms on the
surface of Zn nanocluster with time for different initial
temperature: (a) 300 (b) 600 K
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Fig. 4 — Radial distribution functions of nanoparticles under different initial conditions:
T=300K; (b) n=6x101%atoms/cm3,
n=2.6 x 1019 atoms/cm3, T'= 600 K; () n = 6 x 101? atoms/cm3, T'= 600 K; (f) n = 1.18 x 1020 atoms/cm3, T = 600 K

(a) n=2.6x 10Yatoms/cm3,
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T=300K;

(¢) n=1.18 x 1020 atoms/cm3,

T=300K; (d)
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If we take look at the change of g(r) function from
temperature, then it can be seen that the initial peak cor-
responding to a pure Zn nanoclusters almost disappears
at 600 K temperature, and, consequently, there is no sep-
aration between the nucleus and the oxide layer, the O
atoms penetrate inside the entire volume of the Zn
nanocluster. That is, the thickness of the shell of the “core-
shell” structure depends on the distance to the target
(temperature on different areas) in the laser evaporation.

Also we had analyzed the change in the structure of
7Zn-ZnO nanoclusters with a change in temperature and
gas pressure. During the analysis, it was discovered that
for a 300 K temperature, nanoclusters retain the structure
of the nucleus, but the shell structure was almost always
amorphous, and for the temperature 600 K the cluster
structure is mostly amorphous, there is no separation
between the core and the shell. It is clear that the per-
centage of amorphous structure grows with the growth of
gas concentration, due to the growth of the oxide shell.

In the experimental created heterostructures such
as “core-shell” [22] an increase in quantum efficiency of
luminescence is being detected. For such systems, the
processes of chemisorption of gas components deter-
mine the height of the energy barrier for current carri-
ers at the boundary of a nanocrystalline system, which
leads to increased gas sensitivity (Figure 5).

Intensity, a.u.

t

425 450 475 500 525 550 575 600 625 650 675
A, nm

Fig. 5 — Photoluminescence spectra of “core-shell” Zn-ZnO
nanobjects under different gas pressures

The electron structure of the heterojunction here is
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such, that the electron and the hole are energetically
favorable to be found in different parts of the
nanogranule, which leads to appearance of uncompen-
sated charge regions, and, accordingly, to appearance
the electric field in the center of the nanoparticle. Be-
cause of the separation of charge carriers, there is a
change in the spectral position of electronic transitions.
Through the modifying in “core-shell” structure the
core size and shell thickness, we can control the charge
separation process and modify the spectral position of
the optical transition. In return, the inconsistency of
the lattice parameters of the “core-shell” heterocontact
leads to mechanical deformation (compression of the
Zn0O shell), since, the lattice parameter of ZnO
(@ =0.33295 nm, c¢=0.52069 nm) [23], which also af-
fects the electronic structure of the system.

4. CONCLUSIONS

In this research, we carried out molecular dynamics
simulations of the oxidation of zinc nanoclusters to inves-
tigate the process of the formation of Zn-ZnO “core-shell”
nanostructures. Also, we had studied the luminescent
properties of experimentally created Zn-ZnO nanostruc-
tures. We performed MD simulations with three initial
temperatures, three different initial oxygen density and
two initial sizes of Zn nanoclusters. Depending on that it
is possible to obtain different by structure, oxide layer
thickness and shape Zn-ZnO “core-shell” nanoparticles. In
the present work it is shown that the structure, shape and
oxide layer thickness of the obtained particles directly
depends on the initial oxygen density and initial tempera-
ture of the system. At increasing of initial oxygen density
the oxide layer thickness of obtained nanoparticles in-
crease to a certain limit. During the analysis it was found,
that created clusters mainly preserved their structure of
core, but structure of shell commonly was amorphous.
From experimental study of photoluminescence of “core-
shell” nanostructures it was observed increase in quan-
tum efficiency of luminescence. Through the modifying in
“core-shell” structure the core size and shell thickness, we
can control the charge separation process and modify the
spectral position of the optical transition. The results are
in good agreement with experimental results and earlier
molecular dynamics simulations.

MopenroBauus mporecie popMyBaHHSI METOIOM MOJIEKYJIIPHOI JUHAMIKA TA JIIOMiHECIHEeHTHI
BJIACTUBOCTI HAHOCTPYKTYP Zn-ZnO tuny aapo-o00JI0HKA

C.C. Casxal, I0.1. Beurpun!, A.C. Cepemuuniiprumiil, J1.1. ITomosmal:2

1 Inecmumym npuknadnux npobnem mexarnixu i mamemamuru im. A.C. [liocmpueawa HAH Yipainu,
eys. Hayrosa, 36, 79060 Jlveis, Yikpaina
2 Hauionanvruil yrnigepcumem “JIvgiscora nonimexnika”, eyn. C. Banodepu, 12, 79013 Jlveis, Yrpaina

Hawmu 6yJto posenere mosteryastpHo-guHamivre (M]]) MomemoBaHHSA OKUCJIEHHST HAHOKJIACTEPIB I[TUHKY JIJIS
JIOCIIPKeHHS TIporiecy dopMyBaHHA Zn-ZnO “smpo-o06osioHKa” HAHOYACTHHOK. B maHilt poGoTi moKasaHo, IO
CTPYKTYpa, GopMa Ta TOBIIMHA OKCHIIHOTO 1Py OTPUMAHUX YACTUHOK 0E3II0CEePEHBO 3AJIeHKUTH BiJl TOUATKOBOT
KOHIIEHTPAIIIl KMCHIO TA IIOYATKOBOI TeMIIEpATyPH CHCTeMU. BCcTaHOBIIEHO 1110 TIpY 301JIBIIIEH] II0YaTKOBOI KOHITEH-
Tpairli KACHIO TOBIIMHA OKHCHOIO Iapy 30LIbIMyeThes A0 meBHOI Medxxl. I1ig yac amasiay OyJio BCTAHOBJIEHO, IO
YTBOPEHI HAHOKJIACTEPH B OCHOBHOMY 30epiraJivi CBOI CTPYKTYPY S7pa, a B CBOKO Yepry CTPYKTypa 00OJIOHKH 3a-
3Buuait Oysa amopdHoo. Takosk MU BUBYAJIN JIEOMIHECIIEHTHI BJIACTHBOCT] €KCIIEPUMEHTAIBHO CTBOPEHUX HAMHE
HAHOCTPYKTYP. ByJio BisHAUeHO 301/IbIIIEHHS] KBAHTOBOI €(DeKTUBHOCTI JIOMIHECIIEHITI1.

KnrouoBi ciosa:
MosekyJisipHa TUHAMIKA.

Hanomopomkn, Crpykrypa smpo-oGosnonka, Meranookcunu, DoToIOMIHECIICHITISA,
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MopenupoBanue nporieccos (pOPMHUPOBAHUA METOIOM MOJIEKYJISPHON TUHAMHUKHY U JIIOMUHEC-
IEHTHBIE CBOMCTBA HAHOCTPYKTYP Zn-ZnO tuna aapo-o00109xa

10.

11.

C.C. Caskal, I0.1. Beurpriu!, A.C. Cepemunirmuii!, JI.1. ITomoserat-2

L Hrnemumym npukniadrbix npobnem mexanurku u mamemamuru um. [A.C. [Tuocmpoieawa HAH Yipaunu,
yn. Haykosa, 36, 79060 Jlveos, Ykpaurna
2 Hayuoranwhsiii yrusepcumem “JIvsoeckas nonumexuura’, yn. C. Barndepwt, 12, 79013 Jlveos, Yrkpauna

Hawmu 651510 ipoBeeHo MosieryJisipHO-quHamudeckoe (M) MomenvpoBanme OKHUCIEHUST HAHOKIACTEPOB
UHKA JJIS UCCIeI0BaHus mpoliecca popMupoBanus Zn-Zn0O “amxpo-obosouka” HaHodacTuil. B qansoi pado-
Te MOKAa3aHo, YTO CTPYKTYpa, hopMa M TOJIIIUHA OKCHIHOTO CJIOS TOJYYEHHBIX YACTHI] HATPSIMYIO 3aBUCHUT
0T HAYAJILHOM KOHITEHTPAIINHU KHCJIOPO/ia ¥ HAYAJIBHON TeMIIepaTypPhl CUCTEMBL. Y CTAHOBJIEHO, YTO IIPH YBe-
JIMYEHWU HAYAJIBbHOM KOHIIEHTPAITUH KHCJIOPOJa TOJIIUHA OKHCIUTEIHLHOTO CJIOS YBEJIUIHUBAETCS J0 OIIpe-
JleJIeHHOTO mpejena. [lpu ananmse OBLIO yCTAHOBJIEHO, YTO 00pa30BaHHBIE HAHOKJIACTEPHI B OCHOBHOM CO-
XPaHAIU CBOIO CTPYKTYPY Spa, a B CBOIO OUYepelb CTPYKTYPa 000JI0UKH 00bIaHO0 OblIa amopduoii. Takixe MbI
M3y4asIu JIIOMUHECIIEHTHBIE CBOMCTBA 9KCIIEPUMEHTAIHHO CO3aHHBIX HAMU HAHOCTPYKTYpP. BBLIO oTMedeHO
yBeJIn4eHne KBAHTOBOM a(pheKTUBHOCTH JIIOMUHECIIEHITUH.

Knouersie ciaoea: Hawmomopomkwu, Crpykrypa smpo-o6osmoura, Metasookcuabl, DoTOTIOMUHECIICHITHA,

MOJIeRyJIHpH asd TUHaMHUKA.
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