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Bu caligmada, yogunluk fonksiyonel siki baglama (DFTB) yontemini kullanarak, ZnO nano parg¢acigimin yapisal
ve elektronik dzellikleri incelendi. 11k olarak, 258 atom igeren ~ 0.9 nm capli olan bir altigen kristal yapisina
dayanan 30x30x30 ZnO NP karakterize edildi. Ikinci olarak, ZnO nanopargaciginin HOMO, LUMO elektronik
ozellikleri, bant boslugu enerjileri, Fermi seviyeleri ve durum yogunlugu (DOS) hesaplandi. Bu 6zellikler ayrica
sicakliga bagli olarak ta analiz edildi (en fazla 1000 K). Zn-Zn, O-O, Zn-O gibi ikili etkilesimlerin bag sayisi,
ayrilma olaylari ve radyal dagilim fonksiyonu (RDF) gibi yapisal analiz, yeni algoritmalar kullanilarak incelendi.
Sonuglarimiz, Zn-Zn baglarinin sayisinin O-O ve Zn-O baglarindan daha fazla oldugunu gostermektedir; bu
nedenle, Zn atomlarmin Zn atomlar1 ile bag yapmayi daha c¢ok tercih ettigi goriilmektedir. Ayrica durum
yogunlugunu (DOS) analiz ettik ve ZnO parcacigmin yari iletken benzeri bir karakter gosterdigini gézlemledik.
Sicakliga bagli, HOMO-LUMO enerji boslugu arttigi goriildii. Ayrica, sonuglarin deneysel verilerle uyumlu
oldugu bulundu.
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Study of Structural and Optoelectronic Properties of Hexagonal
ZnO Nanoparticles

ABSTRACT

In this work, we used the density-functional tight-binding (DFTB) and investigate ZnO nanoparticle (NP)
properties, i.e., the structural and electronic properties. First, a ZnO NP with ~0.9 nm including 258 atoms was
characterized from 30x30x30 supercell based on the hexagonal crystal structure of ZnO. Second, HOMO,
LUMO electronic properties, bandgap energies, Fermi levels and density of states (DOS), of the ZnO NP were
calculated. These properties were also analyzed in terms of temperature (up to 1000 K). The structural analysis,
such as the number of bonds, segregation phenomena and radial distribution function (RDF) of two-body
interactions such as Zn-Zn, 0O-0, Zn-O were investigated using novel algorithms. Our results demonstrate that
the number of Zn-Zn bonds is greater than that of O-O, and Zn-O bonds; thus, it appears that Zn atoms have a
greater preference for Zn atoms. We also analyzed the density of state (DOS) and observed that ZnO NP
demonstrate a semiconductor-like character. The HOMO-LUMO energy gap increases while the temperature
goes up. The results are found to be compatible with experimental data.

Keywords- Zno, Nanoparticles, Bandgap, Electronic Structure, DFTB.
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I. INTRODUCTION

Recently, nanoparticles (NPs), tiny objects whose sizes are lay between 1 and 100 nanometers, have
found use in many areas such as energy, electronics, biomedical and optical fields due to their shape dependence
properties as opposed to their bulk structure. More specifically, metallic NPs exhibit properties useful as both
insulators and semiconductors and have been widely investigated [1-3]. ZnO NPs, in particular, have been an
area of intense scrutiny, because they have a wide bandgap and excellent optical properties for optoelectronics
applications, being widely studied in various fields as photodetectors [4], energetic materials [5], and biomedical
agents [6]. Moreover, an atom substitution on the materials has recently become a hot topic [7]. Herein, many
studies have been performed on the X-doped ZnO (X = Mn and Zn) and pure ZnO NPs [8-10] or even ZnO
doped-amorphous carbon [11].

In this work, we use the DFTB method to observe the effect of temperature on a ZnO NP model.
Among the analyses we conduct are studies of electronic features such as the HOMO, LUMO, HOMO-LUMO
gap (Eg) and total energies, density of states (DOS), as well as, structural analysis such as radial distribution
function (RDF), order parameter (R) to learn about how behave Zinc (Zn) and Oxygen (O) atoms based on
temperature and the number of bonds (n) of two-body interactions in the ZnO NP. To supplement our work on
structural analysis, we implemented programs in R code (https://github.com/hasankurban/Structural-Analysis-
NanoParticles) to analyze the RDF, n and R.

Il. MATERIAL AND METHOD

We used the DFTB+ code [12], which is an implementation of DFTB method, with the 3ob/3ob-3-1
[13, 14] set of Slater Koster parameters to understand the structural features and electronic structure of ZnO NP.
To make the program more accessible to users, we have also ensured that the programs are simple to use.
Additionally, we have added functionality to include analysis of the RDF, n and R of the ZnO NP based on an
increase in temperature. The code open source is freely available online, thus, researchers can visualize their data
using the code.

I1l. RESULTS AND DISCUSSION
A. Structural Analysis

The initial structure of ZnO NP with n = 258 atoms is shown in Figure 1. The ZnO NP was
characterized by 30x30x30 supercells of the hexagonal crystal structure (wurtzite, space group P6smc). We
carved a spherical ZnO NP from this bulk hexagonal supercell. The radius of the NP is set to a desired value (0.9
nm) and only atoms within that sphere are considered, whereas those outside the sphere are removed. We
performed all calculations at constant volume.

Figure 1. Initial structure (polyhedral) of ZnO NP with 258 atoms. (Red is Oxygen, grey is Zinc).
The n;jj represents the nearest neighbor contacts number, which is also the number of bonds, and usually

used to distinguish the degree of packing, a significant property of NP. The njj [15] number for the NP can be
calculated as follows:
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nl._i. —_— ) SIJ
f<] (1)
L = 125"
where &;; = ’ g bJ=12n,orO,rj is the distance between atom i and j and rj© is obtained
0.1 = L2x;

by fitting the experimental data and represents a nearest neighbor criterion [16, 17]. Figure 2 indicates the total n
in the ZnO NP with 258 atoms. The curve of ZnO NP in Fig. 2 reveals that the number of O-O bonds decreases
gradually in terms of an increase in temperature in the ZnO NP. Moreover, the total n of Zn-Zn interactions is
comparatively smaller than total n, while the n of O-O is the smallest. This result shows that Zn atoms incline to
form more bonds with Zn atoms: that Zn tends to the surface. Additionally, the total n of Zn-Zn is larger than
that of Zn-O and O-O; thus, one can conclude that O atoms have higher priority for Zn atoms than O atoms
based on the increase in temperature.

0-0
O-Zn

Log of number of bonds

Total

114 Zn-Zn

0 250 500 750 1000
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Figure 2. The changes in the n of Zn-O, O-O and Zn-Zn interactions based on an increase in the ZnO NP.

The Ry represents the order parameter and is used to find a stable structure in the NP. One needs to
calculate Ry [18-22] which helps to investigate the segregation of atoms in the NP. Ry is the average distance of a
type Ti atoms according to a center of a NP,

i’!'jl:
1
RT' - J’I‘

i Ny, = (2)

where nr is the number of T; type atoms, and r; is the distance of the atoms to the coordinate center . We
define a distance from the center of NP to a reference point as ¢ to indicate the location of atoms; if Rr<emin (a
“small”  value), the T; type atoms are assumed to be at the center, and if
Rt >emax (a “large” value), the T; type atoms are assumed to be at the surface region of NP. If neither is true, i.e.,
if emin < R < emax (2 “medium” value), it is assumed a well-mixed NP.

Fig. 3 demonstrates the behavior of R of Zn and O atoms with respect to temperature. Here, the R shows

the changes in the structural properties of ZnO NP with a change in temperature. For example, the R of Zn and
O atoms indicates that O and Zn atoms slightly tend to locate at the center until 500 K, while Zn atoms sharply
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tend to occupy at the center after about 750 K. On the other hand, the R of O atoms to the surface is related to its
lower cohesive energy when compared to Zn.

The Radial Distribution Function (RDF), a significant parameter, is known as the probability of finding
a particle at a distance r from another tagged particle. The RDF is calculated as follows:
Girg = nip /Al % V% Vz) where n represents the mean number of atoms in a shell of width
dr at distance r;, lAl is the total number of atoms and Vs and Vg are the volume of the spherical shell and the
mean atom density, respectively.

Zn

0 250 500 750 1000
Temperature (K)

Figure 3. While changing temperature, how the order parameters of Zn and O atoms in the ZnO NP vary.

RDF
RDF

A

Figure 4. Radial distribution function of the ZnO NP at 0, 100, 900 and 1000K.
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Fig. 4 shows the RDF Zn-Zn and O-O binary interactions in the ZnO NP. The RDFs are performed for
each binary interaction in the optimized structures. Our results show that Zn-Zn has a narrower and higher
distribution than O-O interactions at low temperatures. With regards to an increase in temperature, distribution of
the peaks for both pairs. Moreover, the distribution of O atoms increased by raising the temperature due to a
decrease in the total n of O-O interactions.

B. Electronic structure

In Fig. 5, we demonstrate the results of the HOMO, LUMO and Fermi levels with respect to
temperature to acquire detailed information on electronic states in the ZnO NP. Our results indicate that the ZnO
NP has the energy gap, so it shows semiconductor character. While increasing the temperature, we observe that
LUMO and Fermi energy increases whereas the HOMO level decreases. The HOMO value for the ZnO NP is -
7.89 eV wide at 0 K, i.e., approximately 0.28 eV larger than that of about 1000K, which has the lowest HOMO
value (-6.91 eV) and is less reactive, while being more stable than that of lower temperature (see Fig. 5). Fermi
energy levels are in the middle of the valence and conduction band. The HOMO-LUMO energy gap of ZnO NP
is 4.71 eV at 0 K, which decreases from 4.71 to 2.42 eV (see Fig. 6) with an increase in temperature which gives
rise to a lattice expand, thus it induces to an increase in electron-phonon interaction. Herein, one can conclude
that the expansion in lattice constant causes a decrease in the energy gap. It is clear then that an increase in
temperature helps ZnO NP destabilize due to a decrease in the energy gap, thus ZnO NP at a lower temperature
can be preferred for the application of electronic devices because the electronic transfer is easier.
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Figure 5. While changing temperature, how HOMO, LUMO and Fermi energies of ZnO NP alternates.
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Figure 6. HOMO-LUMO energy gap and total energy ZnO NP in terms of temperature.

IV. SONUCLAR

In this work, we use the DFTB method and study electronic structure and structural properties of a ZnO
NP with 258 atoms. We also developed new code in R to conduct structural analysis, i.e., analyzing the RDF, n
and R of two-body interactions of atoms in the ZnO NP. We also observe that while increasing temperature, the
ZnO NP stabilize better. The segregation of Zn and O atoms indicates that Zn atoms tend to locate at the center,
while O atoms tend to occupy the surface as a general trend. The total n of Zn-Zn interactions is larger than that
of O-O and Zn-O; thus, one can conclude that Zn atoms have a greater preference for Zn atoms rather than O
atoms. The R of Zn and O atoms indicates a tendency to locate at the center. The HOMO energy level decreases;
however, the LUMO level increase, thus the HOMO-LUMO band gap decreases from 4.717 to 2.425 eV due to
an increase in electron-phonon interaction. The decrease in the HOMO levels helps ZnO NP to stabilize. The
ZnO NP at high temperature is desirable in energy.
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