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Modeling the adsorption processes and luminescence properties of Zinc Oxide (ZnO) can provi-
de valuable insights into its applications. We used Molecular Dynamics (MD) method to investi-
gate the adsorption processes on ZnO nanoclusters under di�erent initial conditions. To ensure the
nanoclusters were correctly structured, we applied Radial Distribution Functions (RDF) and Central
Symmetry Parameter (CSP) methods. It was discovered that the number of defects in the samples
had a major in�uence on the simulated photoluminescence (PL) spectra, which were created using a
bi-Gaussian function. To assess the amount of vacancies on the surfaces of the sample, we used the
relative luminescence intensity of the secondary peak in the PL spectra. To analyze the simulated
PL spectra, we utilized a Gaussian �tting technique. The self-activated PL band peaking was di-
vided by Gaussian deconvolution, which was utilized for a more in-depth analysis of the data. By
researching the consequences of varying conditions on the PL spectra, we were able to obtain a better
comprehension of the mechanisms behind adsorption processes on ZnO nanoclusters. Furthermore,
this research enabled us to gain insight into the in�uences that di�erent conditions can have on
the adsorption of oxygen atoms on the nanoclusters and helped us in creating new generation gas
sensors based on ZnO nanopowders and its compounds.
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I. INTRODUCTION

The development of nanotechnologies has generated
substantial interest in the exploration of the properti-
es of nanoparticles and their synthesis. Investigating
nanoparticles will enable a broad comprehension of the
processes of phase transitions and self-organization in
complex, dispersed systems. Currently, the study of indi-
vidual nanoparticles is one of the most swiftly advancing
�elds of research in physics, chemistry, and engineering.
The immense scienti�c and practical value of such studies
is due to the extraordinary properties of nanoparticles,
which are already being used or will be utilized in the
future for the fabrication of miniature electronic devices
and the production of novel materials.

Currently, there is a signi�cant research emphasis on
metal oxide nanomaterials due to their distinct physi-
cochemical properties. These nanoparticles are highly
bene�cial for the fabrication of miniature electronic devi-
ces and the production of innovative materials, leading
to a great deal of scienti�c and practical attention. In
the crystal structure of Zinc oxide (ZnO), each unit cell
comprises one oxygen atom bonded to two distinct zinc
atoms. The two zinc atoms are connected to the oxygen
atom in an octahedral arrangement, forming a three-
dimensional lattice. The lattice structure of ZnO gives
it a variety of properties that can be used in chemical
and industrial processes. ZnO is an e�cient compound
for use in electronic devices, solar cells, and gas sensor
systems [1�6], due to its high electrical conductivity and
low cost.

The most popular way to obtain nanoparticles is to
evaporate solid metal in a reactive gas atmosphere. This
is known as the gas-phase method [7]. A method for
synthesizing metal oxide nanopowder via pulsed laser
ablation of a metal target (e.g., Zn, Sn, etc.) in a
chemically active environment has been proposed by us
[8, 9]. The laser pulse heats the metal pellet to a hi-
gh temperature, causing atoms to evaporate into the
background gas, which assists in reducing the kinetic
energy and chemical interaction of the evaporated atoms,
resulting in the formation of nanoclusters. When certain
conditions are met, near-surface oxidation of nanoparti-
cles occurs during the laser-reactive synthesis process.
This process refers to a method of creating nanomateri-
als, such as metal oxide nanoparticles, by using a high-
energy laser pulse to heat a metal target in a chemi-
cally active environment, typically a reactive gas. This
process causes the metal atoms to evaporate and react
with the surrounding gas, leading to the formation of
nanoclusters or nanoparticles. These nanoparticles are
separated from the target surface in the form of droplets
or formed in a vapor-phase burner from metal target
atoms, allowing for the creation of complex materials,
such as �core-shell� nanopowders [10, 11]. By adjusting
the parameters of laser radiation and background gas
pressure, the structure, size, and thickness of the oxide
layer of the obtained structures may be regulated.
It is well established that the characteristics of

nanoparticles are a consequence of their structure, shape,
and size, which are the result of their growth [12,
13]. Experimentally investigating the mechanisms of
nanoparticle formation is a complex and time-consuming
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task, due to the speed of the processes and the minute
size of the objects. In the conditions of experimental gas-
phase synthesis, the in�uence of the basic parameters
of the synthesis on the physicochemical and structural
properties, as well as the external form of the result-
ing particles, is di�cult to study in detail. Therefore,
computer simulation is a viable and promising alternati-
ve to study the mechanisms of nanostructure formati-
on. Using computer simulation methods, we can study
the processes of growth and synthesis of nanoparticles
in condensation from the gas phase in detail [14�16]. In
this work, we studied the adsorption processes of oxygen
atoms on ZnO nanoclusters under di�erent initial condi-
tions using the molecular dynamics method.
Typically, Zinc Oxide (ZnO) displays two distinct

types of light emission - one in the ultraviolet spectrum
(UV) and another in the visible light spectrum [17, 18].
Nonradiative exciton recombination induces UV emi-
ssion. However, the mechanism behind the visible PL
remains an open problem and is currently widely investi-
gated in terms of defect structure analysis. The green
emission, characterized by its high intensity, is the most
controversial emission region within the visible spectrum
of ZnO [19]. The deconvolution of PL spectra is accompli-
shed through the application of the Gaussian �tting
technique. This approach entails �tting a Gaussian curve
to the data points within the spectrum, enabling the
identi�cation and separation of individual components.
The end result is a more precise representation of the
spectrum, characterized by heightened clarity and dimi-
nished redundancy.

II. MODEL AND METHOD

Molecular Dynamics (MD) method is a powerful
technique for simulating adsorption of gas atoms on the
surface of ZnO nanoparticles. It provides valuable insi-
ghts into the adsorption process. This method involves
numerically solving Newton's di�erential equation of
motion for every atom in the system, starting from initi-
al values of velocities and coordinates [20�22]. In classi-
cal MD, the interaction between atoms is described by
empirical force �elds that have been parameterized based
on spectroscopy studies of small molecules and quantum
chemical calculations. These force �elds are used to
calculate the interatomic potential, which is the primary
measure of the strength of interaction between the parti-
cles. Particles in classical MD are usually represented as
point masses, since the aim is to simulate the system
as accurately as possible. To achieve this, the force �-
eld must accurately model the physical and chemical
properties of the system in question.
The choice of interatomic potential for a given physi-

cal experiment is a critical element to consider. In this
regard, ReaxFF, a method that combines the results of
quantum mechanics and empirical interatomic potenti-
al within the formalism of the bond order [23, 24], is
typically used to model nanostructures. This potenti-
al has been successfully developed for a wide range of

chemical compounds, including ZnO, and has already
been applied in our previous work on the formation of
ZnO nanoparticles in a chemically active environment
[25�27]. In these works, simulations of nanoclusters
formation processes were carried out, the results of
which correlate with the results of this work, in parti-
cular the results of using Radial Distribution Functions
and Central Symmetry Parameter methods. This techni-
que is based on a molecular dynamics approach, which
allows for the calculation of the atomic charges and a
detailed description of the atomic positions. Moreover,
the potential can be adjusted to account for di�erent
physical properties, such as the electrostatic interactions
between atoms, and thus can be used to simulate a wide
range of materials.
In our mathematical investigations, we systemati-

cally varied the initial ZnO cluster sizes, spanning di-
ameters ranging from 2 nanometers to 10 nanometers.
Furthermore, we obtained controlled alterations of the
oxygen concentration within the system, spanning a
range from 1017 to 1019 atoms per cubic centimeter
(atoms/cm3). These deliberate modi�cations allowed us
to comprehensively explore the structural and composi-
tional e�ects on our studied phenomena.
In addition, the total energy of the system and the

Radial Distribution Functions (RDF) are typically used
to describe adsorption processes [21]. The radial di-
stribution function (RDF) enables one to ascertain the
probability of two atoms being at a certain distance from
each other. The following equation illustrates how the
RDF, g(r), is calculated in molecular dynamics simulati-
ons:

g(r) =
1

ρ4πr2δr
·
∑T

t=1

∑N
j=1 ∆N(r∆ → r + dr)

N × T
, (1)

where ρ is the concentration in the systems, T is the total
simulation time (steps), N is the total number of atoms
and r is the radius, the distance from the atom.
Furthermore, we used the Central Symmetry

Parameter (CSP) method to study surface properties
[28, 29]. We calculated the CSP for the near-surface
layers of nanoclusters using the formula:

CSP =

N/2∑
i=1

|Ri +Ri+N/2|2, (2)

where N are the nearest neighboring atoms of the
i-th atom, Ri and Ri+N/2 are vectors from the central
atom to a speci�c pair of nearest neighbors. In solid
state systems, CSP is a useful characteristic of the local
arrangement of the lattice around the atom. It can be
used to determine if an atom is part of an ideal lattice, a
local defect, or on the surface. For a cubic face-centered
lattice, a CSP value of 0 means the atom is surrounded
by neighboring atoms on an ideal lattice. The CSP value
of 0 indicates that the atom in question is perfectly
surrounded by neighboring atoms arranged in an ideal
lattice. In other words, it suggests that the local atomic
environment is in a highly ordered and regular crystal
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structure. The larger the value of the central symmetry
parameter, the more the structure deviates from the ideal
one. By studying the CSP values of di�erent nanocluster
surfaces, we can gain a better understanding of the
properties of the surface and the interactions between
the atoms.
To study PL properties, we have simulated PL spectra

for ZnO. Generally, PL spectra of a substance have
several emission bands, some of which are intrinsic and
others caused by defects. To generate simulated PL data,
the emission band wavelengths, relative strengths and
widths must be described. Peaks are often asymmetric
when plotted as a function of wavelength or energy, due
to factors such as phonon replicas and band-tail states.
In this work, we use a bi-Gaussian function to empirically
describe each emission peak:

I =


A exp

(
− (x−x0)

2

2σ2
1

)
, x < x0,

A exp
(
− (x−x0)

2

2σ2
2

)
, x > x0,

(3)

where A is the relative peak height, x0 is the peak center
position, variable x corresponds to hν, σ1 and σ2 are
the left and right standard deviations that describe the
asymmetric width of the peak. We restricted the data
to PL spectra collected at room temperature. For ZnO,
there is usually a UV peak at 378 nm due to free-exciton
recombination and a broad green band near 530 nm due
to defects [30].
The complex PL band spectra may be due to multiple

components and can typically be deconvoluted into indi-
vidual components. The spectrum is deconvoluted based
on the process governing each component. Generally, the
luminescence process is described by a Gaussian line
broadening mechanism. In this case, the luminescence
intensity can be expressed as a Gaussian line-shape
function, as expressed by the following equation:

I(hν) = I0 +

N∑
i=1

Ai exp

(
−hν − E0i

2σ2
i

)
, (4)

where hν is the energy of the radiation emitted, I0 is the
o�set intensity, Ai is the amplitude of each component,
E0i is the energy of each component in which the intensi-
ty is maximum, and σi is the standard derivation for each
component [31].

III. RESULTS AND DISCUSSION

To investigate the mechanism of oxygen molecule
adsorption on the ZnO nanocluster surface, a series of
computer simulations were carried out using molecular
dynamics. At high temperatures, small nanoclusters
began to melt quickly, making it di�cult to trace the
evolution of the system. When larger nanoclusters were
selected, the modeling times became too long. Thus,
it was necessary to select the optimal initial conditi-
ons. The main parameters of the control system were

implemented to ensure the accuracy of the experiment
from a physical perspective. Temperature control was
achieved through the release of energy during oxidation
of the nanocluster surface. In real-world scenarios, this
control is provided with reactive gas, but in our case, we
introduced the concept of a thermostat to remove excess
heat. Figure 1 illustrates a nanocluster at the start of the
simulation.

Fig. 1. Snapshot of the ZnO nanocluster at the initial moment
of the simulation

At room temperature (300 K), the thermal oscillations
of nanocluster atoms can be disregarded if we are mainly
interested in the interaction with the absorbed molecule,
rather than the physical behavior of the crystal itself. We
added oxygen atoms to the system and observed the main
parameters. We tracked changes over time, choosing a
5 fs step in the adsorption models for a more detailed
observation of the structural evolution process.
The peaks of the RDF curves (Fig. 2), which are

indicative of the interatomic distances between atoms,
correspond to the distance between the two atoms. Initi-
ally, the most prominent peak is observed near 2 �A, which
is characteristic of O�Zn pairs. As the concentration of
O atoms in the system increases, the peak increases in
size, indicating that there is an increase in the number
of O�Zn pairs. This is a strong indication of the formati-
on of stable O�Zn bonds, which is crucial for the proper
functioning of the system. Furthermore, the growth of
the peak also indicates that the interactions between the
O and Zn atoms are becoming more and more signi�-
cant, thus leading to more e�ective interactions between
the two atoms.
Our research indicates that adsorption occurs in

two distinct stages. First, a rapid increase in the
number of adsorbed atoms is observed, followed by more
pronounced �uctuations in their concentration over time.
Furthermore, we have established a correlation between
the gas pressure in the system and the di�usion rate
of oxygen atoms into the ZnO nanocluster. As the
gas pressure increases, more oxygen atoms can di�use
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into the nanocluster, leading to a transformation in the
crystal structure of its surface to an amorphous form.
This �nding highlights the importance of gas pressure for
the adsorption process of ZnO nanoclusters and points
to a potential mechanism for controlling the adsorption
rate.

Fig. 2. Radial distribution functions of ZnO nanoparticle for
O�Zn pairs at the initial moment of the simulation (line), end

of simulation (dashed line)

Fig. 3. Central Symmetry Parameter analysis of the surface
sublayer of the ZnO nanocluster at the initial moment of the

simulation (line), end of simulation (dashed line)

Figure 3 presents the outcomes of CSP calculations,
showing that for systems with less than 500 atoms, the
tendency of the parameter's dependence on the oxygen
concentration is alike: all of them having a signi�cant
peak in the interval of 4 �A, indicating that they still
maintain a relatively crystalline structure on the surface.
However, when the oxygen atoms count elevates, the
central symmetry parameter of surface atoms experi-

ences a more even distribution, and the peaks become
less discernible. The central symmetry parameter of
surface atoms displayed a more uniform distribution,
characterized by a single prominent peak, indicating a
departure from a crystalline state in the ZnO nanoparti-
cle. This analysis con�rms our initial hypothesis, provi-
ding more concrete evidence that the structure of the
surface is a�ected by the number of oxygen atoms
present. Understanding the connection between the two,
it is possible to optimize the surface structure for desired
outcomes.

Fig. 4. Deconvoluted photoluminescence spectra of ZnO
nanostructures at the initial moment of the simulation

Fig. 5. Deconvoluted photoluminescence spectra of ZnO
nanostructures at the �nal moment of the simulation

In this section, we will provide detailed examples of
deconvolution analysis for generated PL curves for ZnO
nanclusters. To achieve at a more thorough understand-
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ing of the data, we will be utilizing the Gaussian �t-
ting technique in a Python computing environment. This
technique is e�ective in providing a more comprehensi-
ve view of the data, as it can generate a more accurate
representation of the PL curves. We will be using this
approach in order to gain a deeper insight into the data,
and to obtain more precise results.
Figure 4 shows generated PL spectra for ZnO wi-

th deconvoluted curves at the initial moment of the
simulation. It is evident that there are four PL
components, which represent di�erent types of electronic
transition and are linked to a speci�c structural
arrangement. The violet (violet dashed line) and blue
(blue dashed line) emissions are attributed to the transi-
tion from IZn(IZn 7→ V B) and extended IZn states
(ex-IZn 7→ VZn) to the valance band, respectively
[32�34]. The green emission is the most dominant peak,
and it comprises two components: V ∗

O 7→ V B (green
dashed line) and CB 7→ V ++

O (yellow dashed line). All
these cases demonstrate correctness in the peak intensity
of V ∗

O 7→ V B compared to (ex-IZn 7→ VZn). However, the
peak intensity of CB 7→ V ++

O is found to be lower than
V ∗
O 7→ V B in all cases.
Increasing the gas pressure (Fig. 5) results in a greater

intensity of violet and blue emissions. Notably, in the case
of ZnO nanoparticles, the emission from (ex-IZn 7→ VZn)
is more pronounced than the emission from V ∗

O 7→ V B.
Furthermore, the peak at ∼ 465 nm corresponds to
the blue emission, which shifts to 480 nm when the
concentration of O atoms in the system is increased.
This is an important observation, as it suggests that the
concentration of O atoms has a direct in�uence on the
emission intensity of the blue wavelength. Furthermore,

this implies that the higher the concentration of O atoms,
the higher the intensity of the blue emission.

IV. CONCLUSIONS

We used molecular dynamics to model the adsorption
of O atoms on ZnO nanoclusters under various initial
conditions. It was established that as the concentration
of O atoms increased, the peak of the RDF curves rose
considerably, indicating a heightened amount of
O�Zn pairings. This indicates that, when the
concentration of O atoms is high, the chances of creating
O�Zn pairings are signi�cantly higher compared to
other concentrations. Furthermore, the distribution
of the central symmetry parameter's dependence on
oxygen concentration was similar in the system with less
than 500 oxygen atoms. All of them had a pronounced
peak in the range of 4 �A, indicating that they still
maintained a relatively crystalline structure on their
surface. When the number of oxygen atoms increased,
the situation changed drastically. The central symmetry
parameter of surface atoms was more evenly distributed,
and there was one clear peak, indicating that the ZnO
nanoparticle was not in a crystalline state. We carried
out a detailed deconvolution analysis of the generated
PL curves using the Gaussian �tting technique. This
revealed four peaks, each corresponding to a di�erent
type of electronic transition. The gas pressure increased,
resulting in an increase in the violet and blue peaks.
This is signi�cant, as it implies that the concentration
of O atoms has a direct e�ect on the intensity of the
blue wavelength emission.
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ÌÎÄÅËÞÂÀÍÍß ÏÐÎÖÅÑIÂ ÀÄÑÎÐÁÖI� ÒÀ ËÞÌIÍÅÑÖÅÍÒÍI ÂËÀÑÒÈÂÎÑÒI
ÌÅÒÀËÎÎÊÑÈÄÍÈÕ ÍÀÍÎ×ÀÑÒÈÍÎÊ ZnO

Ñ. Ñ. Ñàâêà, À. Ñ. Ñåðåäíèöüêèé, Ä. I. Ïîïîâè÷
Iíñòèòóò ïðèêëàäíèõ ïðîáëåì ìåõàíiêè i ìàòåìàòèêè iì. ß. Ñ. Ïiäñòðèãà÷à ÍÀÍ Óêðà¨íè,

âóë. Íàóêîâà, 3á, Ëüâiâ, 79060, Óêðà¨íà

Ìîäåëþâàííÿ àäñîðáöi¨ òà âëàñòèâîñòåé ëþìiíåñöåíöi¨ îêñèäó öèíêó (ZnO) ìîæå äàòè öiííó
iíôîðìàöiþ ïðî éîãî çàñòîñóâàííÿ. Ó öüîìó äîñëiäæåííi ìè âèêîðèñòîâóâàëè ìåòîä ìîëåêóëÿð-
íî¨ äèíàìiêè (ÌÄ) äëÿ âèâ÷åííÿ àäñîðáöi¨ íà íàíîêëàñòåðàõ ZnO çà ðiçíèõ ïî÷àòêîâèõ óìîâ. Äëÿ
òîãî ùîá çàáåçïå÷èòè ïðàâèëüíó ñòðóêòóðó íàíîêëàñòåðiâ, ìè çàñòîñóâàëè ìåòîäè ðàäiàëüíèõ ôóí-
êöié ðîçïîäiëó (RDF) i öåíòðàëüíîãî ïàðàìåòðà ñèìåòði¨ (CSP). Âèÿâëåíî, ùî êiëüêiñòü äåôåêòiâ ó
çðàçêàõ ìàëà âåëèêèé âïëèâ íà ìîäåëüîâàíi ñïåêòðè ôîòîëþìiíåñöåíöi¨ (ÔË), ÿêi áóëè ñòâîðåíi çà
äîïîìîãîþ ôóíêöi¨ �àóññà. Äëÿ îöiíêè êiëüêîñòi âàêàíñié íà ïîâåðõíi íàíîêëàñòåðà âèêîðèñòîâóâà-
ëè âiäíîñíó iíòåíñèâíiñòü ëþìiíåñöåíöi¨ âòîðèííîãî ïiêà â ñïåêòðàõ ÔË. Äëÿ àíàëiçó çìîäåëüîâàíèõ
ñïåêòðiâ ÔË ìè çàñòîñóâàëè ìåòîäèêó ïiäãîíêè �àóññà. Ïiêîâå çíà÷åííÿ ñàìîàêòèâîâàíî¨ ñìóãè ÔË
ïîäiëèëè äåêîíâîëþöi¹þ �àóññà, ÿêà áóëà âèêîðèñòàíà äëÿ ãëèáøîãî àíàëiçó äàíèõ. Äîñëiäæóþ÷è
âïëèâ ðiçíèõ óìîâ íà ñïåêòðè ÔË, ìè çìîãëè ëiïøå çðîçóìiòè ìåõàíiçìè àäñîðáöi¨ íà íàíîêëàñòåðàõ
ZnO. Êðiì òîãî, öå äîñëiäæåííÿ äàëî çìîãó îòðèìàòè óÿâëåííÿ ïðî âïëèâ ðiçíèõ óìîâ íà àäñîðáöiþ
àòîìiâ êèñíþ íà íàíîêëàñòåðàõ i äîïîìîãëî íàì â ðîçðîáöi ñåíñîðà ãàçó íîâîãî ïîêîëiííÿ íà îñíîâi
íàíîïîðîøêiâ ZnO òà éîãî ñïîëóê.

Êëþ÷îâi ñëîâà: ìîëåêóëÿðíà äèíàìiêà, àäñîðáöiÿ, ôîòîëþìiíåñöåíöiÿ, îêñèä öèíêó.
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