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Abstract: Silicene nanoribbons are one-dimensional materials made of silicene with
hydrogen-modified edges. This work studies the doping of element Zn into silicene
nanoribbons in the presence of an external electric field. There are two configurations
studied here, top-configuration, valley-configuration. By using density functional theory
(DFT) and VASP software, the energy band structures and state densities of the
configurations are plotted, analyzed, and discussed. The top configuration is the most
stable and optimal configuration among the studied configurations. The study also shows
that there are external electric field intervals that increase the formation energy of the
system, there are external electric field intervals that decrease the formation energy of the
system, this represents the strength of the bonds in the material under the influence of an
external electric field.. Research helps guide practical applications to create new materials
and adjust material properties by external electric fields.
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1. INTRODUCTION

Low-dimensional materials play an important role in science and technology, the
research of new materials creates products with outstanding properties. Preliminary studies
have signaled the existence of silicene [1-3]. Silicene together with graphene, and germanene
ushered in a new era in the study of low-dimensional materials. Scientists first observed the
hexagonal honeycomb structure of silicene while growing it [4,5]. The result is achieved
through direct condensation of a stream of silicon atoms onto a single crystal substrate under
ultra-high vacuum conditions. A highly ordered silicon structure, arranged in a honeycomb
lattice, was synthesized and produced two silicon subunits occupying positions at different
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heights (0.02 nm) indicating hybridization potential. sp2-sp3 [5]. The first silicene structure
was produced when it was grown on Ag, it's not flat structure, it's atomically flexible [4-6].
The DFT studies also produced similar results [7-9]. The buckling of silicene is due to a
mixture of sp3 hybridized orbitals and sp2 planar bonds [10]. Due to the compatibility of
silicene with silicon, it opens up many promising applications in microelectronics
technology [11]. Early studies on silicene showed that different substances doped in silicene
could modulate its band gap, which has many applications in semiconductor technology. A
relatively large band gap can be opened at the Dirac point of silicene without degrading the
electronic properties of silicene with n-type doping by Cu, Ag and Au adsorption, p-doping
by Irand Au adsorption, and neutral doping by adsorption of Pt [12]. The band gap of silicene
is also regulated by an external electric field carrying energy and momentum [13-17]. The
band gap in silicene can be opened up at the Fermi level by an external electric field by
breaking the inverse symmetry, the band gap varying linearly with the strength of the
external electric field [15]. Silicene nanoribbons (SNRs) are one-dimensional structures with
edges edited by chemical elements. Studies on SNRs show that this is a one-dimensional
material with many outstanding structural properties [18-21]. SiNRs are structurally stable
if the edge atoms are hydrogenated, and those with armchair edges often exhibit much better
thermoelectric performance than their zigzag counterparts [21]. This work studies SNRs with
modified edges by hydrogen, the doped element here is Zn, and the system is placed in an
external electric field. With the appearance of Zn and an external electric field, the structural
and electrical properties of SNRs are changed.

2. CONTENT
2.1. Research methods

Density functional theory (DFT) is a method of quantum mechanical modeling, it is used
in physics, chemistry, materials science to investigate the electronic structure of a many-
particle system. DFT theory is based on the postulate that the physical quantities of a system
of interacting electrons can be described by a function of the ground-state electron density
no(r). A functional is a mapping from the space of functions into a number field (in the
particular case of electronic systems, functions of electron density).

VASP software is software written based on DFT theory to simulate structural properties
and electromagnetic properties of materials. To run a program using VASP, four input files
are required: INCAR, KPOINTS, POSCAR, and POTCAR. In this work, we use KPOINTS
with 1 1 11 division points to study one-dimensional silicene nanoribbons.

2.2. Configuration of pristine and doping systems

Figure 1 is the structure of the pristine system. This configuration consists of 12 Si atoms
and 4 H atoms per unit cell. After optimization, this structure is stable, the largest distance
between two adjacent Si atoms is 2.278A , the smallest distance between two adjacent Si
atoms is 2.218A, its buckling is about 0.538 A.
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The configuration parameters are shown in Table 1, Here d(Si-Si) is the distance
between adjacent Si atoms; d(Si-Zn) is the distance between two adjacent atoms Si and Zn.

Compared without doping, it is found that the distance between the atoms has changed
and the buckling of the post-doping system has also changed. The closer to the doped atom
(Zn), the more flat the configuration of the system tends to be, and the presence of Zn causes
the structure of the SNRs to be flatter.

Figures 2 and 3 are the top and valley configurations of the doped system, respectively.
These configurations are stable after doping. The formation energy of the doped system is
calculated by the formula [22]:

Er=Ei—Ep+Esi-Ezn , 1)

here, Et is the total energy of doping system, Ep is the total energy of pristine system,
Esi and Ezn are the energy of free energy of Si and Zn atoms, respectively.

Table 1. Configuration parameters of the systems after optimization

0 0 0
d(Si-Si)(A d(Si-Zn) (A Buckling (A
Configur (Si-Si)(A) (Si-Zn) (A) g (A)
ations Maxi Mini Maxi Mini Maxi Mini
mum mum mum mum mum mum
Top 2.296 2.232 2.369 2.347 0.411 0.02

Valley 2.83 2.224 2.354 2.346 0.371 0.023
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Table 2. The formation energy of the systems in the presence of the external electric field

Doping _
systems EieV) Ex(eV) Esi (eV) Ezn(eV) Et(eV)
Top -65.701958 -64.408218 -0.13534420 -0.013485993 -1.415598207

Valley -65.616263 -64.408218 -0.13534420 -0.013485993 -1.329903207

Table 2 shows the formation energy of the system. With the top configuration for the
smallest formation energy, this is the more optimal of the two configurations. Since the top

configuration is the more optimal configuration, we will focus on studying this
configuration.

2.3. Structural properties of the doped system
2.3.1. Band structure, density of states (DOS)
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Fig. 4. Band structure of pristine system (a), the dependent of E; on electric field (b)
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Fig. 5. Band structure (a) and DOS (b) of top-configuration without electric field
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The energy band and DOS structure of the undoped system is a semiconductor with a
direct band gap of 0.325eV (Figure 4a). Figure 4b examines the variation of the energy of
the top configuration with the magnitude of the external electric field. When the external
electric field is in the range of 0 < E < 1.1V/angstrom, the energy of this configuration
decreases over time, when E > 1.1V/angstrom, the energy starts to increase. This problem
can be explained as follows: When the electric field is small, its effect is not enough to
change the party, including the mobility of electrons. When the electric field is large, the
electric field pulls the bonds between the atoms apart, which reduces the energy of formation.

The energy band structure and state density of the top configuration in the absence of
electric field are seen in Figure 5. This is a semiconductor with a very narrow mute band,
the band gap is 0.063eV, with such a narrow band gap, the system will always conduct
electricity under all conditions without any significant stimulus.

Top configuration in the electric field
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Fig. 6. Band structure (a) and DOS (b) of top-configuration in electric field
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When placed in the top configuration an electric field, its energy band structure, and state
density are seen in figure 6, the magnitude of the electric field is 0.6\V/angstrom. Looking at
the energy band structure (Figure 6a), we see that the band gap of the system is almost
unchanged compared to when there is no electric field (Figure 5a), the change here is just a
redistribution of states. (Figure 6b). Compared with the absence of an electric field, the states
in the presence of an electric field extend more towards the top of the conduction band.
Figures 7 shows the contributions of the partial states Si(s), Si(p), Zn(s), Zn(p) in the top
configuration. We see that the contribution of the Si(s), Si(p) states is large, while the
contributions of the Zn(s), Zn(p) states are small. This is because the density of doped Zn
particles per unit cell is small. The s-states mainly contribute to the formation of the valence
band bottom and the conduction band top, while the p-states mainly contribute to the
formation around the Fermi level. The contribution of Zn is limited also because zinc belongs
to group 2 while Si belongs to group 4, after bonding, Zn no longer has mobile electrons, the
system conducts electricity mainly through holes.

2.3.2. Charge density difference and partial charge density

Figure 8 is the charge density difference of the top (a) and valley (b) configurations.
Blue is where the negative charge is concentrated (electrons move towards the blue), yellow
is where the positive charge is concentrated (negative charge is lost). Looking at the figure,
we see that the negative charges move towards the Zn-doped atom, causing clouds of
negative charge around Zn to appear. This charge concentration is due to Zn being an
electron acceptor and to the presence of an external electric field. Figure 10 shows the partial
charge density of the top (a) and valley (b) configurations. Yellow is represented as the
charge clouds around the atoms in the unit cell. Clouds have a difference between top and
valley configurations, where thicker clouds indicate greater charge density.

‘Fig. 8. Charge density difference of the top (a) and the valley (b) configurations
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3. CONCLUSION

The work of doping Zn into SNRs with the appearance of an external electric field.
There are two configurations studied here, the top configuration and the valley configuration.
Both configurations are stable after doping. Using DFT theory we calculated the formation
energies of the two systems and found that the top configuration gives smaller formation
energy, so this is the more stable configuration. The appearance of electric field and Zn
doping changed the energy band structure of the system, from a semiconductor with a narrow
band gap has become a semimetal (with valley configuration) and a semiconductor with a
near-zero width (top configuration). The contributions of the partial states of Si are
significant because the density of Si particles is large. The charge density difference and
partial charge density of the two configurations are also plotted and investigated, with Zn
receiving a relatively large amount of charge from neighboring atoms.
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PHA TAP KEM TRONG CAC DAI SILICENE MQT CHIEU VOI SU

CO MAT CUA PIEN TRUONG NGOAI: MOT NGHIEN CUU DFT
Tom tdt: Cdc bang silicene mét chiéu duwot tao ra tir vat liéu silicene véi cac canh duoc
sira doi bai hidro. Cong trinh nay nghién cizu pha tap cac nguyén ti kém vao cdc bang
silicene mét chiéu, hé chiu tdc déng ciia mét trieong ngodi. CO hai cdu hinh dwroc nghién
citu, cdu hinh top va cau hinh valley. Cau triic viing nang lrong, mdt do trang théi cia cac
hé pha tap sé duoc vé va khao sat bang ly thuyét phiém ham mdr dg (DFT) va phan mém
VASP. Cdu hinh top 1a cdu hinh téi wu va én dinh nhdt trong cac cdu hinh dwoc nghién
cieu. Nghién ciru ciing chi ra rang c6 nhiing khoang gia tri dién trwong ngoai lam ting
nang lwong hinh thanh cua h¢, c6 nhizng khodng gié tri 1am giam nang luong hinh thanh
cua hé, diéu nay néi 1én kha nang ben viing cua vdt liéu dudi tac dung cia dién trirong
ngoai. Nghién citu tao ra dinh hiéng cho viéc tao ra nhiing vat ligu méi va diéu khién cac
tinh chat cua vat liéu nho it dung dién trieong ngoai.

Tir khoa: Silicene mét chiéu, cdu tric pha tap, pha tap kém, dién trirong ngoai.



