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Silicon carbide nanotubes (SiCNTs) have broad application prospects in the field of micro-nanodevices due to their
excellent physical properties. Based on first-principles, the difference between optical properties of SICNTs where C atom
or Si atom is replaced by group-V element is studied. The results show that the optical absorptions of SICNTs doped by
different elements are significantly different in the band of 600 nm—1500 nm. The differences in photoconductivity, caused
by different doping elements, are reflected mainly in the band above 620 nm, the difference in dielectric function and
refractive index of SiCNTs are reflected mainly in the band above 500 nm. Further analysis shows that SICNTs doped with
different elements change their band structures, resulting in the differences among their optical properties. The calculation
of formation energy shows that SiCNTs are more stable when group-V element replaces Si atom, except N atom. These
research results will be beneficial to the applications of SiC nanomaterials in optoelectronic devices and provide a theoretical

basis for selecting the SICNTSs’ dopants.

Keywords: silicon carbide nanotubes, group-V doped, optical properties, first-principles theory
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1. Introduction

The silicon carbide (SiC) nanomaterials have excellent
mechanical, thermal, electrical, and optical properties, !~
and they have been widely used in electronic devices, op-
tical devices, and other fields.[>"7! Therefore, they have at-
tracted much attention of many scholars.!®12 SiCNT is an
important low-dimensional material, which not only has the
excellent characteristics of SiC crystal, but also shows some
unique characteristics of nanotubes.!!3~!7] The unique optical
characteristics of semiconductor SiCNT provide the possibil-
ity for its applications in optoelectronic devices.!'82 There-
fore, since SICNT was synthesized experimentally,?1->?! it has
been widely used as a nano-optoelectronic device material
with broad application prospects, and has been widely con-
cerned by the researchers. 2324

As an important method to adjust material properties, the
dopant effects on electronic and optical properties of semicon-
ductors have been studied.!>28 For SiCNTs, group-V ele-
ments are the donor dopants, so studying the optical prop-
erties of group-V elements-doped SiCNTs is of great signif-
icance in the applications of SiC nano-optoelectronic devices.
In recent years, there have been many reports on the influ-
ence of dopants on the properties of SICNTs. For exam-
ple, In 2009, Bao et al. studied the effects of N-doping on

the optical properties of zigzag SICNTs. The studies showed

DOI: 10.1088/1674-1056/abdble

that N-doping reduces the value of absorption peak and pro-
duces many new absorption peaks.!”’! In 2014, Behzad et
al. studied the effects of Ga-doping on the optical proper-
ties of zigzag SiCNTs. The optical studies based on dielec-
tric function indicated that new transition peaks and a blue
shift are observed after Ga-doping.*"! Khodadad et al. investi-
gated the structural and electronic properties of Li-doped SiC-
NTs. The calculations demonstrated that the doping of Li atom
changes some physical properties of pure bundled NT. Owing
to charges transferring from Li to SiCNTs, the most signifi-
cant effect of Li intercalation on the electronic band structure
is the shift of Fermi energy.’!! In 2018, Gong et al. studied
the effect of group-III doping on the optical properties of SiC-
NTs. The study results showed that group-III element doping
increases the minimum dielectric constant value, thereby in-
creasing the transmittance; at the same time, it also introduces
weaker absorption and dispersion in the near-mid-infrared re-
gion, and as the diameter of the doped atoms increases, the
response peak is blue shifted.'*?! In 2001, Huu et al. used the
shape memory synthesis method, and achieved the first repro-
ducible synthesis of SiICNTs of different internal and external
diameters.33! In 2002, one-dimensional silicon carbon nan-
otubes and nanowires of various shapes and structures were
synthesized via the reaction of silicon (produced by dispropor-
tionation reaction of SiO) with multiwalled carbon nanotubes
(as templates) at different temperatures.>!! In 2013, Romain
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et al. fabricated SiCNTs by carburization in silicon nanowires.
It was found that the TO peak and LO peak of SiCNTs are at
796 cm~! and 972 cm™! respectively, and the peak of LO is
higher than that of TO peak, indicating that the sp> and sp>
bonding configurations exist in SICNTs.[??]

So far, most of the researches on the SiCNTs doped by
group-III elements and group-V elements have focused on
structural stabilities, electrical, magnetic or optical aspects.
However, most of these studies focus mainly on monatomic
doping, and there are few reports on systematically studying
the effect of a group of doping elements on the optical proper-
ties of SICNTs. In this paper, the optical properties of SiICNTs
doped by group-V elements (N, P, As, and Sb) are systemati-
cally studied by using the first-principles, and the optical dif-
ferences and their effects caused by different substitutions are
elaborated theoretically. These studies are of important sig-
nificance in developing SiCNT nanodevices and putting them
into practical applications.

2. Methods and models
Optimization of SiCNTs using CASTEP code was based

on first-principles of density functional theory, and the opti-
mization parameters were selected to be the same as those
in Ref. [34]. The exchange correlation effect of the interac-
tion between electrons were described by the Perdew—Burke—
Ernzerhof (PBE) functional under the generalized gradient ap-
proximation (GGA), the plane wave cut-off energy was set to
be 330 eV.[33] All the geometries were optimized by using the
ultrasoft pseudopotentials until the force on each atom was less
than 0.03 eV/A. All atomic geometry optimizations were per-
formed in the first Brillouin zone, k grid points were 1 x 1 X 6.

The supercell was constructed with twice the minimum
unit of the armchair-type (6,6) SiICNTSs. In order to reduce the
influence of other SiCNTs, a vacuum layer thicker than 10 A

was added outside the supercell, and the optimized model is
shown in Fig. 1(a).

Based on this model, the C atoms (marked as N¢-, Pc-,
Asc-, and Sbc-SiCNTs) and Si atoms (marked as Ng;-, Ps;i-,
Assi-, and Sbg;-SiCNTs) at the same site of SICNTs were re-
placed with group-V elements (N, P, As, Sb). Their optimized

models are shown in Figs. 1(b) and 1(c).

Fig. 1. SiCNTs and their doped SiCNTs structure models, showing (a)
undoped SiCNTs, and [(b), (c)] SiCNTs where C atoms and Si atoms are
replaced with group-V elements, with X representing group-V elements
(X =N, P, As, and Sb), dc denoting diameter between the C atoms, and
ds;, referring to diameter between the Si atoms all in unit of A.

3. Results and discussion
3.1. Structural stability

The optimized results are shown in Tables 1 and 2, where
dsi and dc are the diameters of Si tube and C tube respec-
tively, and the difference between their values is denoted by
Ad = dc — ds; as shown in Fig. 1. It can be seen that in the
optimized SiCNTs, Si atoms are on the inside and C atoms are
on the outside, and the tube wall thickness of SiCNT is not
equal to zero (The wall thickness is about 0.1 A). Obviously,
unlike CNTs, in addition to sp? bonding configuration, SiCNT
also has an sp? bonding configuration. In this paper, although
the SICNT model is sp> bonding configuration during model-
ing, there are both sp> bonding configuration and sp> bonding
configuration after optimization, which is consistent with the

experimental results. [>?]

Table 1. Optimized structural parameters of SICNTs with group-V atoms substituting for C atoms.

Impurity concentration ~ Chemical potential

Total energy  Formation energy  Binding energy

Structure dsi(A) dc(A)  Ad(A)
Ny (10%/cm?) Uy (eV/atom) Er (eV) Eg (eV/atom) Eg (eV/atom)
Nc-SiCNT 1.9778 -261.71 10.205 10.301  0.152 6399.39 -0.008 -7.227
Pc-SiCNT 1.9778 -174.33 10.176  10.231  0.126 6306.63 0.104 -7.115
Asc-SiCNT 1.6377 -167.48 9.042  9.301 0.426 6298.97 0.121 -7.098
Sbc-SiCNT 1.9739 -147.31 10.037 10.115  0.193 -6277.36 0.151 -7.068
Table 2. Optimized structural parameters of SICNTs with group-V atoms substituting for Si atoms.
Structure Impurity concentration ~ Chemical potential ds &) de ) Ad(A) Total energy  Formation energy  Binding energy
Ny (1026/cm3) Ux (eV/atom) Er (eV) Eg (eV/atom) Eg (eV/atom)
Ngi-SiCNT 1.9814 -261.71 10.142 10442  0.153 -6443.39 -0.001 -7.216
Ps;-SiCNT 1.9955 -174.33 10.184 10.313  0.153 —6354.35 0.034 -7.185
Asgi-SiCNT 1.9774 -167.48 10371 10.527  0.162 —6345.89 0.067 -7.152
Sbg;-SiCNT 1.9456 —-147.31 9.575  9.862  0.186 -6324.09 0.101 -7.118
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The stability of doped SiCNT structure can be evaluated
by the binding energy (or cohesive energy),l*®! which is ex-
pressed as

Et — Nsiptsi — Ncpc — Nx pix

Ep = , 1
B Nsi + Nc + Ny o

where Et represents the total energy of doped SiCNT, Ns;, Nc,
Ny denote the atom numbers of Si, C, and dopant (N, P, As,
and Sb), and us;, Uc, Ux refer to the chemical potentials of
Si, C, and doping atoms, where the values of Ug; and Lc are
—101.52 (Si), —145.84 (C), respectively. When C (or Si) in
SiCNT is replaced, the formation energy can be expressed as

_ Er—ER™ — Nxpx +Nxpic (or Nypis;)
Nsi +Nc + Nx

193 , 2
where E%ure = —6283.15 eV represents the total energy of pure
SiCNT. As shown in Tables 1 and 2, the value of the forma-
tion energy of N-SiCNT is negative, indicating that the SICNT
releases the energy in the doping process, the higher the re-
lease energy, the more stable the structure is and the easier
the doping is to achieve. Therefore, it is easier for N to re-
place C than Si. The formation energy values of the other
dopants are positive, which indicates that the SiICNT absorbs
the energy in the doping process. The smaller the absorbed en-
ergy, the more stable the structure is and the easier the doping.
Comparing the values of the formation energy values among
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different atoms, it can be found that the stability of SiICNT
increases with the doping atom diameter increasing, and the
doping becomes more difficult. The substitution for Si atom
is easier to achieve than the substitution for C atom.7! By
AE = Eg(Xsi) — Eg(Xc) (where X represents group-V atoms
(N, P, As, and Sb)); 33! except for N doping, when P, As, and
Sb replace Si atom, the absolute value of the binding energy is
greater than that when replaced with C atom. Therefore, after
group-V replaces Si atom, the doped SiCNTs are more stable.

3.2. Optical absorption and photo-induced carriers

Figures 2(a) and 2(b) show the absorption spectra of SiC-
NTs in the band range of 60 nm—1500 nm after group-V atoms
have replaced C and Si atoms, respectively. showing obvi-
ously that the differences among effects on optical absorption
of SiCNTs in the band range of 60 nm—600 nm by doping dif-
ferent elements are almost negligible. In the frequency band
between 600 nm and 1500 nm, there are obvious differences
among the optical absorptions of the SiICNTs doped by differ-
ent elements. From Figs. 2(c) and 2(d), the absorption coeffi-
cient of Nc-, Pc-, Asc-, and Sbc-SiCNT increase slowly, on
the contrary, the absorption coefficient of Ng;-, Ps;-, Asg;-, and
Sbg;-SiCNT decrease. Especially for N- and P-doped SiCNTs,
the absorption coefficient of Ng;-SiCNT is about 5000 cm !,
larger than that of N¢-SiCNT.

500 750

(d)

1000 1250 1500

500 750 1000 1250
Wavelength A (nm)

1500

Fig. 2. Optical absorption spectra of SiCNTs where (a) C atom and (b) Si atom are replaced with group-V elements, and [(c), (d)] part of them in a

range of 500 nm—1500 nm are magnified.

According to the Tauc equation, the optical absorption o
of SiCNT and its energy band structure satisfy the following
relationship: 3]

(ahv)'" = A (hv — E,) 3)

where A is a constant and AV is the photon energy. For a direct
band gap semiconductor, » = (.5; for indirect band gap, r = 2.
Since group-V element-doped SiCNT is still of indirect band

gap, r = 2. The impurity concentration of doped SiCNT is de-
noted by Ny, and the values for different SICNTSs are shown in
Tables 1 and 2. The volume of SiCNT changes little for differ-
ent doping elements and their displacements, so the impurity
concentration does not change much, of them, the impurity
concentration of Asc-SiCNTs is the lowest. Figure 2(a) shows

that Asc-SiCNT has a minimum absorption peak, which is
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caused by the lowest impurity concentration of Asc-SiCNT.
According to Fig. 2 and Eq. (3), Tauc fitting was performed
for the doped SiCNT photoelectron energy level transition, the

process and results are shown in Fig. 3 and Table 3.

Figure 4 shows the band structure of doped SiCNTs, cal-

culated based on the first-principles, where E. is the conduc-
tion band bottom, Ey; and Ey, are the top and bottom of the
upper valence band, respectively, Evs3 is the top of the lower

valence band, and Ep;, Epp, and Ep3 are the impurity levels.

Their data are shown in Table 3.

(a) Ne-SiCNTs
4

(b) Po-SiCNTs

(c) Asc-SiCNTs

(d) Sbc-SiCNTs

g o //
;S 95 2 4 6 0 2 4 6 0 7 4 6 P 4
o]
— A (e) Ngi-SiCNTs (f) Pgi-SiCNTs (g) Asgi-SiCNTs (h) Sbgi-SiCNTs
2
0 —
9/ 2 4 6 /2 4 6 —0 2 4 6 ) 4

Frequency hv (eV)

Fig. 3. Tauc fitting of doped SiCNTs, with [(a), (b), (c), and (d)] N, P, As, and Sb substituting for C atoms, and [(e), (f), (g), and (h)] N, P, As and Sb

substituting for Si atoms.

Table 3. Electronic (characteristic) parameters of the doped SiCNTs.

Energy levels (eV)

Ground-excited level jump AE (eV)

Ec Ep Epp Evi Ev; Eps Ev3 Region A Region B Region C
Nc-SiCNT 0.49 - 0.14 -1.65 -9.89 - -11.9 0.12 2.20 3.06
Pc-SiCNT 1.05 0.81 0.12 -1.40 -9.26 - -11.6 0.13 2.16 3.28
Asc-SiCNT 1.20 1.06 0.17 -1.07 -8.98 - -11.2 0.39 2.25 3.10
Sbc-SiCNT 1.14 1.02 0.10 -1.18 -9.04 -10.8 -11.4 0.61 2.29 2.84
Ng;-SiCNT 0.81 - 0.10 -1.25 -9.34 -10.6 -11.5 0.59 1.70 4.02
Pg;-SiCNT 1.02 - 0.16 -1.25 -9.20 -9.99 -11.5 0.60 1.72 3.55
Asgi-SiCNT 1.51 - 0.16 -0.74 -8.67 -9.52 -11.0 0.15 1.61 3.63
Sbg;-SiCNT 2.00 - 0.12 -0.20 -8.13 -8.40 -10.4 0.25 1.63 3.86

Energy (eV)

\

rrr Zz

Irrr Zz

I'rr 7z

rrr Zz

Irrr Zz

Irrr 7z

Ir'rF Zz

r

—15

Fig. 4. Energy band structure of SiCNTs with C atoms replaced by (a) N, (b) P, (c) As, and (d) Sb, and Si atoms replaced by (e) N, (f) P, (g) As, and (h) Sb

substituting for Si atoms, respectively, and the Fermi level Er = 0.
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As can be seen from Fig. 4 and Table 3, when group-
V element replaces a C atom, two impurity levels appear in
the band-gap of SiCNT: the impurity near the bottom of the
conduction band has smaller ionization energy, which belongs
to the donor level, and the impurity is easy to form ionized
donors; the other impurity level is near the Fermi level, be-
cause the ionization energy is larger, the number of electrons
provided for the conduction band are much smaller than for the
donor level. Most of the unionized impurities are in deep im-
purity level, and they can be regarded as a recombination cen-
ter (or trap). When group-V element replaces a Si atom, only
one impurity level appears near the Fermi level, the ionization
energy is large, and it can also be regarded as a recombination
center.

30l @ (b)

%)
S
sy}
[vs}

-
S)
>

8§ 10 2 4 6 8 10

o

Conductivity o (S/cm)
w
S
o
~ 1w
o~
o
c

%)
S
[os)

—
(=)
4

2 4 6 8 10 2 4 6 8 10
Frequency hv (eV)

Fig. 5. Photoconductivity spectra of (a) N-, (b) P-, (c) As-, and (d) Sb-
SiCNTs, respectively, with dotted line representing substitution of group-V
element for C atom, and solid line denoting substitution of group-V element
for Si atom.

Figure 5 shows the photoelectric spectra of SICNTs af-
ter C and Si atoms have been replaced by group-V elements,
which are mainly composed of three spectral regions A, B,
and C. Among them, in the frequency band between 248 nm
and 620 nm (B region), doped SiCNTs show a greater pho-
toconductivity. This is because the valence band electrons ab-
sorb photons with energy greater than E, (frequency v > Eg /)
and then transfer to the conduction band, thereby generat-
ing photo-generated electrons and holes (non-equilibrium car-
riers). For group-V element-doped SiCNT, the lifetime of
photo-generated carriers is on the order of ns, which is much
longer than the photon period (corresponding to a frequency
of about 10'* Hz). Therefore, the photoconductivity gener-
ated by the intrinsic excitation of doped SiCNT presents a
spectrum width corresponding to a frequency of about 2 x
10'* Hz. In the case where group-V element substitutes for
C atom, the conductivity of Asc-SiCNT is the smallest be-
cause of its lowest impurity concentration and smallest carrier
concentration.?®! Similarly, in the case where group-V ele-
ment replaces Si atom, because the carrier concentration is the
lowest, the conductivity of Ng;-SiCNT is also the smallest.

It can be seen from Fig. 4 that the valence band of SICNT
is composed of high part and low part, and the band gap be-
tween the two valence bands is about 3 eV.[*?l According to
the energy band fitting in Fig. 3, it can be judged that the
photoconductivity of the 155 nm-248 nm band (C region) is
derived from the electronic transition of SiCNTSs in the high
valence band and the low valence band. When Si atom is re-
placed, the group-V atom has little effect on the SiCNT va-
lence band. Therefore, the photoconductivity in the C region
is almost unchanged; while when C atom is replaced, the p-

electron effect of P, As, Sb are enhanced, [3°!

resulting in a
closer relationship between the B spectral band and C spectral
band.

The differences among photoconductivities caused by
different elements are mainly reflected within the wavelength
band above 620 nm (A region), and their spectra are derived
from electronic transitions in the conduction band of the im-
purity level. Among them, the electrons in the shallow impu-
rity level will present the photogenerated carriers in the mid-
infrared region of 6.8 pm—16.2 um. Therefore, the photocon-
ductivity of the A region in Fig. 5 comes from the electrons
in the impurity level at the Fermi level. Because the impu-
rity level when C atom is replaced is split into deep part and
shallow part, the electron concentration on the impurity level
at the Fermi level is less than that in the substitution for Si
atom, resulting in a slightly larger conductivity of Ng;- and
Pg;-SiCNTs as shown in Figs. 5(a) and 5(b). In addition, be-
cause the ionization energy of Sb atom replacing Si atom is
much larger than that of Sb atom replacing C atom, the con-
ductivity of Sbc-SiCNT is larger than that of Sbg;-SiCNTs as
shown in Fig. 5(d).

3.3. Optical refractive index and electron displacement po-
larization

Figure 6 shows the dielectric spectra of SiCNTs doped
with different elements. It can be seen that when the group-V
element replaces C atom, the real peak and imaginary peak of
the dielectric function of Asc-SiCNTs are the smallest. Within
the band less than 600 nm, the dielectric function value of
Asc-SiCNT is the smallest, and none of the dielectric func-
tions of N¢-, Pc-, and Sbc-SiCNTs are significantly different.
Within the band above 600 nm, the imaginary part of the di-
electric function increases with the doped atomic number in-
creasing, and the real part of the dielectric function increases
with the doped atomic number increasing except for the small-
est Asc-SiCNT. When group-V element replaces Si atom, the
peak value of the dielectric function real part increases with
the the number of doped atoms increasing, and the peak shows
a significant red-shift phenomenon. The peak value of the Ng;-
SiCNTs dielectric function imaginary part is the smallest, and
the values of other doping conditions are similar. In a fre-
quency band of 500 nm—870 nm, the real part of the dielectric
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function gradually increases as the doped atomic number in-
creases, while when it is above 870 nm, the real part of the di-
electric function gradually decreases with the atomic number
increasing. Within the frequency band greater than 550 nm,
the value of the dielectric function imaginary part decreases
with atomic number increasing. When group-V element re-
places Si atom the dielectric function has more obvious change
than when group-V element replaces C atom, and the differ-
ence is manifested mainly in a frequency band greater than

500 nm.

Figure 7 shows the refractive index spectra and extinction
coefficient spectra of SICNTs doped with different elements.
Comparing Fig. 6 with Fig. 7, it can be seen that the refractive
indexes of SICNTs doped by different substitutions are similar
to the real parts of their dielectric constants, and the extinction
coefficients are consistent with the imaginary parts of their di-

electric constant, satisfying n ~ &' and kK ~ £ /2.

200 400 600 800 1000 1200 200 400 600 800 1000 1200
2.4 I (a) -SiICNWSs | g1 SiONTs (c) Sb-SiCNTs 24
o 16 As-SiCNTs As-SiCNTs 16
L e =]
é 0 8 P’SICNTS 870 nm 0 8 9
‘g’ 1 N-SiCNTs N-SiCNTs i
5 0 0o &
E 16 ® s (d)
S 16 Sb-SiCNTs N-SiCNTs 16 2
© I As-SiCNTs P-SiCNTs 9
A 0.8 P-SiCNWs As-SiONTs 10.8 g
[ \
0 ¥ 550 nm 0
I N-SiCNTs Sb-SiCNTs
200 400 600 800 1000 1200 200 400 600 800 1000 1200

Wavelength A (nm)
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Fig. 7. Refractive properties of doped SiCNTs, showing (a) refractive index and (b) extinction coefficient for group-V replacing C atoms, (c) refractive
index and (d) extinction coefficient for group-V replacing Si atoms, respectively.

The dielectric spectrum of semiconductor follows the
Lorentz model, and for the doped SiCNT containing multiple

spectral peaks can be expressed as[*!)

)

j=1
o/t ]
(0} — 02+ (/7))

2 2
W — O

2N
{(wf-o — )+ (0/7)*

g(w) = 1+m*(90

+i 4
where N and m™* are the electron concentration and the equiv-
alent mass, respectively. The spectrum dielectric behavior of
SiCNT is derived from free-electron plasma oscillation, 7 de-
notes the relaxation time, and relates to the damping of the
electron plasma oscillation. The oscillation frequency ®; de-

pends on the electron transitions between different bands. The
refractive index of the semiconductor is determined by the
electron displacement polarization. According to the electron
polarization ratio model, the electron displacement polariza-

tion ratio of SiCNT can be expressed as/*?!

N[ M)’

= 5
I 5)

where M;; denotes the dipole transition matrix elements be-
tween i and j states, and N represents the number of electrons
in the transition.

According to the analysis of Fig. 2, Table 3, and Fig. 5,
it can be seen that the two spectral peaks near 200 nm and
400 nm are derived from the transition between the valence
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band and the conduction band of SiCNT, respectively. Since
there are few empty states in the valence band while many
empty states in the conduction band, and the energy level dif-
ference in the valence band is greater than in the band gap, the
dielectric constant and refractive index at 200 nm are much
smaller than the values around 400 nm. Similarly, the number
of free electrons of doped atoms is much smaller than the va-
lence electrons of SiCNT, resulting in relatively low dielectric
constant and low refractive index in the above 500-nm band.
In particular, the differences among refractive indexes of SiC-
NTs, caused by different doping elements are reflected mainly
in this frequency band, and their variation law is closely re-
lated to the concentration of free electrons in the donor ioniza-
tion, which is consistent with the dielectric spectrum of Fig. 6.
As can be seen from Fig. 7, the refractive index and extinction
coefficient of Asc-SiCNT are the lowest because of its lowest
impurity concentration.

3.4. Optical dispersion and loss

Dispersion and loss are important parameters to measure
the optical properties of material. The dispersion coefficient

can be expressed as[??)

2 d ()

bA)=-C—qr

(6)
where A is the wavelength, ¢ is the propagation speed of the
electromagnetic wave in vacuum, and n(A) is the refractive
index of SiCNT. The dispersion spectra of SICNTs doped by
different elements are shown in Fig. 8.

Figure 9 shows the reflectivity and loss factor of SICNT
doped with different elements. The loss factor is also called
the loss tangent, which can be expressed as

1 !/
tand, = €" /¢,

N

where €' and €” are the real part and imaginary part of the
dielectric constant, & is called the electrical loss angle.

It can be seen from Fig. 9 that except for the band near
300 nm, the reflectance of group-V element-doped SiCNT is
less than 10% (10 dB), so it does not reflect visible light; Nc-
SiCNTs has the largest refractive index when group-V element
replaces C atom, followed by Asc-, Pc-, and Sbc-SiCNTs.
When the group-V element replaces Si atom, the refractive in-
dex increases with the increase of the number of doping atoms
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Fig. 8. Dispersion spectra of SiCNTs doped with (a) N, (b) P, (c) As, and (d) Sb respectively. It can be seen from Fig. 8 that when group-V element replaces
C atom, the dispersion coefficients of Nc- and Pc-SiCNTs are slightly larger than that of Asc- and Sbc-SiCNTs, respectively, among them, Asc-SiCNT’s
impurity concentration is the smallest and dispersion coefficient is the smallest. When group-V element replaces Si atom, there is no significant difference
in the dispersion coefficient for doped SiICNT. When group-V element substitutes for Si atom, the dispersion coefficient is larger than that when C atom is
replaced, but there is no big difference in the dispersion coefficient when N atom replaces C atom or Si atom.
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in the band range of 400 nm—750 nm, and the situation is op-
posite in the band above 750 nm. Regardless of whether C or
Si atom is replaced, the refractive index of SbC-SiCNT is the
smallest.

Under optical frequency €” = 6/w, the loss comes
mainly from the electronic conductance. When C atom is re-
placed, the loss of Nc-SiCNT is the largest, and Sbc-, Pc-,
and Asc-SiCNTs decrease in sequence; in the substitution for
Si, the loss of Ng;-SiCNT is the smallest, and Sbg;-, Asg;-, and
Psi-SiCNTs increase in sequence, which is similar to the trend
of photoconductivity in Fig. 5. Whether C or Si atom is re-
placed, Asc-SiCNT has the least loss. By comparing Fig. 8
with Fig. 9, it is clear that group-V element-doped SiCNT has
a large loss around 300 nm, however, it generates a higher re-
flection due to the lowest dispersion coefficient in this band.

4. Conclusions

In this work, we have studied the effect on the optical
properties of SiICNT where C atom or Si atom is replaced by
the group-V element. The results are shown below. In the
frequency band between 600 nm and 1500 nm, there are ob-
vious differences among the optical absorptions of different
elements doped SiCNTs. Especially for N- and P-SiCNTs, the
absorption coefficient of Ng;-SiCNT is about 5000 cm ™! larger
than that of Nc-SiCNT. In the range of 248 nm—620 nm, the
doped SiCNT has a greater photoconductivity, and the pho-
toconductivity generated by the intrinsic excitation of doped
SiCNT is exhibited within a spectral width corresponding to
nearly 2 x 10'* Hz. In the band greater than 620 nm, there
are differences in photoconductivity when group-V element
replaces C atom or Si atom. When the group-V element re-
places Si atom, the dielectric function and refractive index
change significantly compared with when C atom is replaced,
and the difference is manifested mainly in the frequency band
above 500 nm. Regardless of whether C or Si atom is replaced,
Sbc-SiCNT has the smallest refractive index.
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