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are implemented through the first-principles method based on the density
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1. Introduction

The discovery of CNTs since 1991 [1] have led to extensive research interest in
one dimensional nanometer materials due to their unique properties and poten-
tial of applications [2] [3] [4] [5]. Recently, there has been a rapid growth re-
search interests in advanced nanotechnology which gives great promise for
achieving new sensing materials including high performance nanomaterials [6]
and nanoscale eletronics devices [7]. Silicon, as the same group element with

carbon in the periodic table of elements has similar structure with carbon, and
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has become one of hotspots in the field of nanometer materials research in re-
cent years. Compared to other nanomaterials, SiNTs have more unique conduc-
tion properties. In addition, SiNTs have smaller size and excellent electrical
properties, which enjoy broad application prospects in microelectronics and
medicine and other fields. Some experimental researchers have attempted to de-
velop the synthesis of SiNTs by a number of method such as chemical vapor de-
position (CVD) method [8], template combined CVD [9]. In terms of theory,
Luo et al. [10] studied the structures and electronic properties of pure (5, 5) and
(5, 0) SiNTs with the first principles of density functional method, and found
that the conductivity of SiNTs was connected with the chirality of its structure.
According to the existing research findings [11], which shows that (n, 0) zigzag
and (n, n) armchair SiNTs having n > 6 are stable but those with n < 6 can be
stabilized by internal or external adsorption of transition metal elements.
Therefore, there are a lot of researches on SiNTs [12]. For example, Yang et al
[13] observed the electronic structure and the changes of optical properties by
applying different degrees of pre-tension deformation on single-wall armchair
(6, 6) SiNTs through density functional theory. Referring to other researches, as
for single-walled armchair SiNTs, doping P can make the energy band gap nar-
row, enhance electrical conductivity [14], and doping Al can increase the optical
absorption bandwidth of SiNTs, and improve the photoelectric properties [15].
Additionally, the SiNTs of different chirality have different levels of thermal sta-
bility, electrical conductivity and energy performance [16] [17]. With the further
research work, more special nanotubes have been studied [18] [19]. A coaxial
cylinderical heterojunction of carbon tubes, which consists of alternant bands of
5- and 7-membered rings, can be formed by one armchair (n, n) CNT and one
zigzag (2n, 0) CNT. The torsional mechanical properties are studied by using
molecular dynamics method [20]. People have made some researches on the
structure and properties of SiNTs, but few involve Si/CNTs. In the present pa-
per, the electronic structure and optical properties of (4, 4) - (6, 6) Si/CNTs and
(4, 4) - (6, 6) Si/CNTs are studied.

In the present work, the electronic properties of Si/CNTs formed by a CNT
and a SINT are investigated with the method of the first-principles density func-
tional theory. In the following, we first investigated electronic properties of
Si/CNTs in terms of energy band and density of states (DOS). And then the si-
mulation results of optical properties of Si/CNTs are studied in Section 3. Final-
ly, we conclude in Section 4. This work provided a theoretical basis for the ap-

plication of SiNTs in photoelectric device.

2. Simulation Model and Method
2.1. Model

To study the structural feature and the electronic property of (6, 6) - (6, 6)
Si/CNTs and (4, 4) - (6, 6) Si/CNTs, supercell are established. Periodic armchair

nanotubes which both ends were not closed and infinitely long were adopted.
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Calculation was conducted on a x a x ¢ orthogonal supercell, and nanotubes in-
finitely extended along the repeating units of heterostructure at the direction c.
In Si/CNTs structure, SiINTs and CNTs occupied half in the heterostructure
along the axial direction. Parameter and constant of supercell are setas 1 x 1 x 4,
a= f=90°, y=120°, respectively. (6, 6) - (6, 6) Si/CNTs include 48 Si atoms
and 48 C atoms. (4, 4) - (6, 6) Si/CNTs include 32 Si atoms and 48 C atoms (ref.
Figure 1).

2.2. Method

In this work, the first principles calculations for the computational method were
carried out using CASTEP package to perform geometry optimization and the
specific properties such as band energy and density of states (DOS). All the re-
laxation and electronic calculations were performed based on the DFT, within
the Perdew-Burke-Ernzerhof (PBE) formulation of the generalized gradient ap-
proximation [21]. The convergence criteria for total energy and the cutoff energy
of the plane-wave basis are set as 1.0 x 10 eV and 400 eV. Integration on the
Brillouin zone is performed using special k& points generated by the Monk-
horst-Pack [22] grid with the valueof 1 x 1 x 1,1 x 1 x 1,2 x 1 x 1 for SiNTs, (6,
6) - (6, 6) Si/CNTs and (4, 4) - (6, 6) Si/CNTs, respectively. Energy calculations
were carried out in the reciprocal space. The valence electron states of all atoms
considered: C2s°2p?, Si3s’3p”.

3. Results and Discussion
3.1. Geometry Optimized

In order to make the model energy tend to be stable, and more close to the real
material, and ensure that parameters used in the simulation get accurate results,
the initial model was first optimized. The geometry of the (6, 6) SiNTs, (6, 6) - (6, 6)
Si/CNTs and (4, 4) - (6, 6) Si/CNTs are optimized by using a Broy-
den-Fletcher-Goldfarb-Shanno (BFGS) minimizer [23]. Optimization accuracy
is set as Fine. The optimized lattice parameters and structure of SiNTs and
Si/CNTs are shown in Table 1 and Figure 2.

Table 1. Optimized lattice parameters of (6, 6) SINT, (6, 6) - (6, 6) Si/CNT and (4, 4) - (6, 6)
Si/CNT.

Type optimized a/A b/A c/A dgs/A  deo/A deglA

before 16.7542 16.7542  16.2120 2.34
(6, 6) SINT
after 15.7315 15.2161 15.6251 2.261 - -

before 16.4104 16.4104  15.7963 2.34 1.42 -
(6, 6) - (6,6) Si/CNT
after 12.3433 12.3375  13.7579 2.362 1.431 1.895

before 12.0560  12.0560  15.7963 2.34 1.42 -
(4,4) - (6,6) Si/CNT
after 11.3745  12.3977  12.4007 2.370 1.421  1.882
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(a) (b) ()

Figure 1. Structure schematics of (6, 6) SiNT, (6, 6) - (6, 6) Si/CNT and (4, 4) - (6, 6)
Si/CNT (The yellow ball: silicon atom; The grey ball: carbon atom). (a) (6, 6) SiNT; (b) (6,
6) - (6, 6) Si/CNT; (c) (4, 4) - (6, 6) Si/CNT.

Figure 2. Optimized structure schematics of (6, 6) SiNT, (6, 6) - (6, 6) Si/CNT, and (4, 4)
- (6, 6) Si/CNT. (a) (6, 6) SiNT; (b) (6, 6) - (6, 6) Si/CNT; (c) (4, 4) - (6, 6) Si/CNT.

In the process of optimization, the change of internal bond length and bond
angle of nanotubes changed the cell volume, but the optimized Si/CNTs crystal
cell parameters were close. Si-Si bond in SiNTs has bigger length fluctuation and
lower chemical displacement degree. Compared with the smooth structure of
CNTs surface, the surface of SiNTs appeared folding structure, and Si/CNTs
surface presented some deformation. By comparing with the model in Figure 1,
it showed that optimization had a greater influence on SiNTs, while slightly af-
fected CNTs part.

3.2. Electronic Structures

To have a understanding of the electronic properties of Si/CNTs, the band
structure and DOS for the single-walled armchair (6, 6) SiNTs, (4, 4) - (6, 6)
Si/CNTs and (6, 6) - (6, 6) Si/CNTs were calculated and presented in Figures
3-5. Figure 3(a) shows the band structure of the single-walled armchair (6, 6)
SiNTs. The bottom of the conduction band of the nanotube locates at the G
point of its Brillouin zone, and the top of valence band lies between the point G
and F. Besides, the coordinate of them are (0, 0) and (0.14, 0), respectively, indi-
cating that the nanotubes is an indirect gap semiconductor. The obtained band
gap is 0.314 eV, which is highly in consistent with the result of Yang’s [24].

The valence band of (6, 6) SINTs mainly comprises the lower valence band of
—12 eV - 5 eV and upper valence band of —5 eV - 0 eV. The top of valence band
was fundamentally determined by the Si-3p states and the bottom of conduction

band was primarily occupied by the Si-3s states and Si-3p states, showing that
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Figure 3. Band structure (a) and density of states (b) of silicon nanotube.
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Figure 4. Band structure (a) and density of states (b) of (6, 6) - (6, 6) Si/CNT.
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Figure 5. Band structure (a) and density of states (b) of (4, 4) - (6, 6) Si/CNT.
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the bonding is mainly formed by sp hybridization. In distant region far from
Fermi level, the sp hybridization of s electrons and p electrons for SiNTs rela-
tively remains obvious. The lower valence band is mainly formed from Si-3s
states, in which the Si-3p states exert a weak influence. Besides, the upper va-
lence band mainly originates from Si-3p states.

Figure 4 and Figure 5(a) point out that the Si/CNTs exhibit semiconductor
with small band gaps, less than 1 eV. The (6, 6) - (6, 6) Si/CNTs have a direct
band gap of 0.093 eV (Figure 4(a)), which is narrower than that of single-walled
armchair (6, 6) SiNTs. The bottom of the conduction band and the top of va-
lence band of the nanotube are located between the point F and Q of its Brillouin
zone. With the top of valence band and the bottom of the conduction band be-
tween the point F and Q, the (4, 4) - (6, 6) Si/CNTs make a direct band gap of
0.563 eV, which is larger than that of (6, 6) SiNTs.

To make further study on the electronic structure of Si/CNTs, the partial den-
sity of states (PDOS) of C atoms and Si atoms in the nanotube section are inves-
tigated (in Figure 4 and Figure 5(b)). The PDOS for (4, 4) - (6, 6) Si/CNTs are
similar. Based on the curve, it can be seen that the bottom of the conduction
band and the top of valence band are occupied by Si-3p states and C-2p states, in
which the Si-3s states make a weak influence. As it shows, near the Fermi level
and in the high energy region, about from -5 eV - 5 eV, the quantity of split
energy levels for Si/CNTs all decrease to some extent compared with SiNTs. Be-
sides, the bonding is mainly formed by interaction of C-2p states and Si-3p elec-
tronic states. However, in the low energy region of valence band (left of the Fer-
mi level), about from —20 eV - =5 eV, as certain band width exists between C-2s
states and C-2p states, Si-3s states and Si-3p states, yet is mainly from the inte-
raction among s electrons. However, the action of p electrons is relatively weak-
er, which exhibits sp hybridization. In particular, the figure also shows that
compared with (6, 6) - (6, 6) Si/CNTs, the hybridization strength of (4, 4) - (6, 6)
Si/CNTs decrease slightly, and density peak strength of total electronic state is all
weakened, indicating that the interelectronic locality for (4, 4) - (6, 6) Si/CNTs is
relatively weaker. In the vicinity of Fermi level, the peak shape of Si/CNTs is
basically similar, with key distinction being caused by the changes of Si-3p elec-

trons near Fermi level.

3.3. Dielectric Function and Absorption

According to the law of electron transition and Krames-Kronig dispersion rela-
tion [25], the complex dielectric and optical properties are calculated, using the

well-known relation:
e(w)=¢(0)+is, (o) (1)
The real part of the dielectric function follows from the relation:

2 oMo (K)f

(2n) [Ec(K)-B (K)]

8n’e? 3
m?2 'VZC:.[BZ d’K

&(w)=1+

(2)
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The imaginary part &, (a)) , in the long wavelength limit, has been obtained
directly from the electronic structure calculation:

4n® 2
&, (a)) :mz_a)z.\;-[BZ d3K

(2n)

My (K) are the transition moments elements.

xle-Mey (K)[ x6[Ec (K)-E, (K)-ho] (3)

The absorption coefficient is given by the following relation:
2
a(w)=«/§a)|: & (o) +é; (a))—gl(a))} (4)

h,w,K are Planck constant, the angular frequency and reciprocal vector,
respectively. Subscript C and V represent the conduction band and the valence
band of nanotubes, and BZ is the first Brillouin zone. E.(K) and E, (K)
represent the intrinsic level of the conduction band and the valence band.
|e~ My (K )|2 is Momentum transition matrix element of Transition electrons.

To further analyze the optical properties for the two types of Si/CNTs, Figure
6 and Figure 7 presents the real part and the imaginary part of dielectric func-
tion and absorption for single-wall armchair (6, 6) SiNTs, (6, 6) - (6, 6) Si/CNTs
and (4, 4) - (6, 6) Si/CNTs. Figure 6(a) presents that the static dielectric con-
stant for single-wall armchair (6, 6) SiNTs is 32.188, and a dielectric absorption
peak appears near 3.307 eV with increase of energy. The static dielectric con-
stants of (6, 6) - (6, 6) Si/CNTs and (4, 4) - (6, 6) Si/CNTs are 53.043 and 11.281,
respectively, which also shows that a dielectric absorption peak appears when the
energy of (4, 4) - (6, 6) Si/CNTs increases to near 1.547. According to the in-
versely proportional relationship between the dielectric constant and the energy
gap width of semiconductor materials, the dielectric constant of (6, 6) - (6, 6)
Si/CNTs increase as its energy gap width decreases, while the dielectric constant
of (4, 4) - (6, 6) Si/CNT's decrease as its energy gap width increases. This result is
consistent with the calculations of energy band structure. Analysis finds that the
structure of Si/CNTs can change the dielectric absorption width of real part of
SiNTs.

Figure 6(b) presents the imaginary part of dielectric function of SiNTs and
Si/CNTs are presented in. Based on the figure, a sharp maximal dielectric peak
in imaginary part of dielectric function for SiNTs appears in the vicinity of 0.959
eV, which is mainly caused by intrinsic transition among Si-3p and Si-3s elec-
trons. Besides, with the increase of energy, the dielectric peak in imaginary part
appears in the vicinity of 4.359 eV and tapers. In terms of the (6, 6) - (6, 6)
Si/CNTs, the dielectric peak strength of in low energy region increases, and
conductivity is enhanced. With the increase of energy, a maximum dielectric
peak appears in the vicinity of 0.443 eV which declined. Then, a small dielectric
peak appears in the vicinity of 2.243 eV. While the strength of dielectric peak for
(4, 4) - (6, 6) Si/CNTs is weakened to some extent, with a dielectric absorption
peak appearing in the vicinity of 2.784 eV, indicating that the structure of
Si/CNTs can change the dielectric absorption width in imaginary part of SiNTs,
and (6, 6) - (6, 6) Si/CNTs has higher conductibility.
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Figure 6. Dielectric function of (6, 6) SiNT, (6, 6) - (6, 6) Si/CNT and (4, 4) - (6, 6)
Si/CNT. (a) Real part; (b) imaginary part.
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Figure 7. Absorption spectra of (6, 6) SiNT, (6, 6) - (6, 6) Si/CNT and (4, 4) - (6, 6)
Si/CNT.
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The calculate absorption coefficient of SINTs and Si/CNTs are provided in
Figure 7. Strong absorption peak appears between 100 nm - 400 nm for absorp-
tion of (6, 6) SiNTs, and calculate absorption is above 1.5 x 10° cm™, proving
SiNTs have good absorption characteristics in far ultraviolet band and near ul-
traviolet band. In addition, the figure also shows that the absorption spectrums
for (6, 6) - (6, 6) Si/CNTs and (4, 4) - (6, 6) Si/CNTs all have strong absorption
peak at 100 nm - 200 nm and 200 nm - 400 nm, indicative of good absorption
characteristics of Si/CNTs in the ultraviolet band, and the optical absorption
band width of Si/CNTs is large in the high energy region near 70 nm - 120 nm,
photoabsorption characteristics of far ultraviolet band is satisfactory. Besides,
within 120 nm - 300 nm, the absorption coefficients of Si/CNTs all declines
compared with (6, 6) silicon nanotube. However, absorption coefficient
represents the attenuation percentage of light intensity in unit propagation

length in nanotubes, so luminous efficiency of the Si/CNTs increases.

4. Conclusion

To conclude, in this paper, we perform first-principles calculations in the
framework of density-functional theory to determine the electronic structure
and optical properties of single-walled armchair (6, 6) SiNTs, (6, 6) - (6, 6)
Si/CNTs and (4, 4) - (6, 6) Si/CNTs. The calculated results indicate that (6, 6)
SiNTs is an indirect band gap of 0.314 eV. The (6, 6) - (6, 6) Si/CNT is a di-
rect-gap semiconductor with band gap of 0.093 eV, and (4, 4) - (6, 6) Si/CNT is a
direct-gap semiconductor with energy gap of 0.563 eV. The top of valence band
of Si/CNTs is mainly determined by Si-3p and C-2p electrons, and the bottom of
conduction band is occupied by the C-2p electrons, Si-3p electrons and a small
amount of Si-3s electrons. It shows that the (6, 6) - (6, 6) Si/CNTs has smaller
band gap and higher conductibility, and (6, 6) - (6, 6) Si/CNTs and (4, 4) - (6, 6)
Si/CNTs have satisfactory absorption characteristics in ultraviolet band. Moreo-
ver, the results also provide instructive theoretical guidance for the applications

of silicon nanotubes in optical detectors.
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