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Comparative study on transport properties of N-, P-, and As-doped
SiC nanowires: Calculated based on first principles”
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According to the one-dimensional quantum state distribution, carrier scattering, and fixed range hopping model, the
structural stability and electron transport properties of N-, P-, and As-doped SiC nanowires (N-SiCNWs, P-SiCNWs, and
As-SiCNWs) are simulated by using the first principles calculations. The results show that the lattice structure of N-
SiCNWs is the most stable in the lattice structures of the above three kinds of doped SICNWs. At room temperature,
for unpassivated SICNWs, the doping effect of P and As are better than that of N. After passivation, the conductivities
of all doped SiCNWs increase by approximately two orders of magnitude. The N-SiICNW has the lowest conductivity. In
addition, the N-, P-, As-doped SiICNWs before and after passivation have the same conductivity—temperature characteristics,
that is, above room temperature, the conductivity values of the doped SiCNWs all increase with temperature increasing.
These results contribute to the electronic application of nanodevices.

Keywords: N-, P-, As-doped SiC nanowires, transport properties, first-principles theory

PACS: 73.63.-b, 61.72.U-, 63.20.dk, 81.07.Gf

1. Introduction

Silicon carbide (SiC) is an extremely attractive mate-
rial because of its mechanical property, thermal stability, heat

2] SiC nanos-

transfer performance, and chemical stability.
tructures, such as nanocrystals, nanowires, nanoribbons, and
nanotubes, have wide band gap, high atomic binding en-
ergy, high electron saturation mobility, high critical excita-
tion field strength, high thermal conductivity, and strong ra-
diation resistance,*®! and are widely used in high frequency,
high power, high temperature, radiation resistant electronic
and optoelectronic devices.*'?! As an important component
of silicon carbide nanomaterials, SiC nanowires (SICNWs)

U3-171 A ot of researches show

have recived the attention.
that SICNW:s have potential applications in hydrogen storage
field,!"® photoelectron device,!'~??! electromagnetic shield-
ing and absorption. [23-2°]

Doping is one of the best ways to obtain excellent proper-
ties of SICNWs.[27-28] In recent years, many researchers have
studied the substitutional doping of SICNWs. Of them, the
elements of the third and fifth main groups are the most com-
mon dopants. For instance, Yang et al. reported the growth
of p-type 3C-SiCNWs with B dopants and sharp corners pro-
duced via the catalyst-assisted pyrolysis of a polymeric precur-
sor, and the research indicated that the high-temperature field
emission (FE) stability of SICNWs could be significantly en-

(291 Zhao et al. obtained the nitrogen-

hanced by the B dopants.
doped SiCNWs by chemical vapor reaction method, and stud-

ied their FE performance from two aspects of calculation and
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testing, and the results showed that when the N content takes
an optimal value the N-doped SiCNWs can act as a candidate
for field emitters with very low turn-on fields and threshold
fields.[?% In 2015, Chen et al. found that the supercapacitor
performance of SICNW arrays can be substantially enhanced
by nitrogen doping, which could favor a more localized im-
purity state near the conduction band edge which greatly im-
proves the quantum capacitance and hence increases the bulk
capacitance and the high-power capability3!! In 2017, Li et
al. studied the effects of different vacancies on the electri-
cal and optical properties of SICNWs.[191 Tn 2018, Li et al.
investigated the electrical and optical properties of SICNWs
and doped SiCNWs of different diameters,[13! and the results
show that surface dangling bonds can inhibit the quantum size
effect in SICNWs,[?! and thus leading the impurity band to
be discretized.3?! In fact, the studies on the effects of doping
on performance have focused on electrical properties, optical
properties, and magnetic properties. [®2%27-33-331 Tt can be seen
from the above literature that the donor is mostly concentrated
in the nitrogen (N) atom, while the acceptor is concentrated
in the boron (B) atom. So far, the systematic research on the
transport characteristics of the fifth group-doped SiCNWs has
not been reported. As is well known, the semiconductor con-
ductivity is closely related to the transport process of carri-
ers. Therefore, it is important for the development of nano-
electronic devices to study the electron transport properties of
doped SiCNWs.

In this paper, we systematically study the structural stabil-
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ity of N-, P-, and As-SiCNWs, numerically simulate the trans-
port properties of N-, P-, and As-doped SiCNWs, and com-
pared their doping effects. The results provide an important
basis for selecting the optimum donor impurities of SICNWs.

2. Computational methods and models
2.1. Doped SiCNWs model

In this paper, the outer three layers were cut into a vacuum
layer on the (6 x 6 x 1) SICNWs structure, and the (3 x 3 x 1)
hexagonal cross-section SiCNWs were established. We used
the CASTEP software based on density functional theory
(DFT) in Material Studio 6.0 to optimize all structures, and
the generalized gradient approximation (GGA) and ultra-soft

pseudopotential (PBE) were also used. In the optimization set-
tings, the cut-off energy of the plane wave was set to be 340 eV,
the point k of the Monkhorst—Pack grid was settobe 1 x 1 x 8
in the first Brillouin zone, and the energy individual-atom, the
interaction between atoms , the maximum shift of atoms , and
the internal stress of the crystal are assumed to converge to
2.0x 1073 eV, 0.05 eV/A, 0.002 A, and 0.1 GPa, respectively.
In order to establish the doping model for each of N-, P-, As-
SiCNWs (as shown in Fig. 1), the fifth group elements N, P,
As substituted for the same carbon atom (C) in SiICNWs, re-
spectively. For the undoped and doped model, the structural
optimization and properties’ simulation were performed, and

thus providing basic data for conductivity calculations.

Fig. 1. Lattice structure of doped SICNWs showing (a) cross section, (b) side of doped SICNW, and (c) cross section of hydrogen passivation-doped
SiCNWs, with d being the diameter of cross section of nanowire and X representing N, P, and As separately.

2.2. Conductivity of doped SiCNWs

In the energy range €—(€ + de€), electronic state of the
nanowire can be written as follows:

1/2
D(e)de = 2L ( 2) e 12 de, (1)

h
where L represents the length of the nanowires, m* the effec-
tive mass of the carrier, and & the Planck’s constant. Con-
sidering that the carrier concentration in semiconductor is
much lower than that of free electron concentration in metal,
the carrier distribution can be described by the Boltzmann
function. 3% For an n-type SiCNW with length L and cross-

sectional area S, the electron concentration is expressed as

2 (m\/? . £—¢
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where &4 and & represent the energy of the bottom of the im-
purity band and the Fermi level, respectively.

As can be seen from Ref. [32], the dangling bonds on
the surface of the doped SiCNWs cause the impurity bands
to be discretized. When electrons are transported within the
discretized impurity band, its mobility can be expressed as

evth2 w
_ 2aR— ——
M= ke T exP( s T) )

where v, denotes the atomic vibration frequency (phonon
frequency) and R the electron transition distance (impurity
spacing). The hopping activation energy W is determined by
€r) at the Fermi level, that
is, W = 1/D(er). The spatial extensibility of wave function

the electron density of states D(

1/a can be estimated according to the uncertainty relation
Ax-Ap > h/27, thatis, o0 < 276 /¢, where c is the lattice con-
stant of SICNW and § is the k-point accuracy determined by
grid parameters. [3]

After passivation, the discrete impurity band forms a de-
generate impurity level. In this case, electron mobility is
mainly determined by optical phonon scattering, ionized im-
purity scattering and neutral impurity scattering, and can be

expressed as!3°]

e [ 1 1 1\
p=— | —+—+ ) “4)
'u ( 17opt Tlon Tneu )
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2
1 Nigne* 27Tm* €y eV
= 1+ [ ) ] ©
Tion 871'(”1*8()85) = ion 2
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= 20hNaeu =5 3 @
Tneu *

where @opy is the optical phonon frequency, & and & are the
static and high frequency-relative dielectric constant, respec-
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tively, Njon and Ny, are the concentration of ionized impurities
and non-ionized impurities, respectively. For one-dimensional
SiCNW, the average thermal motion velocity of electrons is

5= kg T
Vv 8mr

3. Results and discussion

®)

3.1. First-principles calculation
3.1.1. Structural stability

By calculating the binding energy, the lattice structure
stability of doped SiICNW can be compared. For the N-, P-,

and As-doped SiCNWs, the binding energy can be obtained

from the following equation:

_ Et — EsiNsi — EcNc — EqNy

Ep N

©))

where Ert is the total energy of N-, P-, As-SiCNWs, and Eg;,
Ec, and Eg4 are the free energy of Si, C, and doped atoms, and
Nsi, Nc, and Ny are the numbers of atoms of Si, C, and doped
atom, respectively. Total number of atoms N is 48. Detailed

data are shown in Table 1.

Table 1. Lattice structure parameters of SICNW and N-, P-, As-SiCNWs.

Structures Lattice constant/A Atomic number Atomic free energy/eV Total energy Er/eV Binding energy
a c Ns;i Nc Ny Es; Ec Eq Eg/(eV/atom)
SiCNWs 3.078 5.114 24 24 0 -101.52  -145.84 - —6282.94 -7.215
N-SiCNWs  3.085 5.093 24 23 1 -101.52 -145.84 -261.71 -6399.19 -7.223
P-SiCNWs  3.117 5.152 24 23 1 -101.52 -145.84 -174.33 —6306.40 -7.11
As-SiCNWs  3.125 5.163 24 23 1 -101.52 -145.84 -167.48 -6297.97 -7.077

As can be seen from Table 1, compared with the bind-
ing energy of SICNWs, the binding energy of N-, P-, and As-
doped SiCNWs changes by 0.10%, 1.45%, and 1.9%, respec-
tively, which indicates that the fifth group doping has little ef-
fect on the structural stability of SICNWs. Of the four atoms
of C, N, P, and As, the N atom has the largest electronegativity
and the smallest atomic radius; when N replaces the C atom,
the N—Si bond is stronger than the C—Si bond, so the structure
of the N-SiCNWs is more stable than the undoped SiCNWs.
For P and As atoms, their electronegativities are less than the
electronegativity of C atom, and their atomic radii are larger

than the radius of C atom, therefore, the doping of P and As

Z I F

leads the stability of SICNWs to decrease slightly.

3.1.2. Electron energy bands and state density

Figures 2 and 3 show the band structure and electronic
density distribution of the undoped and doped SiCNWs, the
associated data are shown in Table 2.

It can be seen from Fig. 2 that the conduction band of
undoped SiCNWs consists of two parts that are almost con-
nected, and the lower part comes from the surface dangling
bonds, ") which will introduce an impurity band and lead the
band gap to decrease. However, since the number of cleavage
bonds of the surface Si atom and that of surface C atom are the
same, there is no free electron in the impurity band.

I F

| (a)

(b)

001 [010]

Energy/eV

Z r F

Fig. 2.

Q

Band structures of (a) undoped SiCNWs, (b) N-SiCNWs, (c) P-SiCNWs, and (d) As-SiCNWs.
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Fig. 3. Distribution of density of states for (a) undoped SiICNWs, (b) N-SiCNWs, (c) P-SiCNWs, (d) As-SiCNWs, where green line denotes
the total state density, blue line the p-state electron, and red line the s-state electron.

Table 2. Numerical simulation parameters of SiCNWs and N-, P-, As-SiCNWs. According to the setting of the k-point grid parameter, & is taken to
be 0.08.1%] Dielectric constant & = 10.3, and high frequency dielectric constant Eopt = 1.7. 135 The other parameters are derived from first principles

calculations.
Struct Spatial extensibility ~ Electron jump Effective Acoustic phonon Optical phonon Impurity band ~ State density
ructares (1/c)/nm* distance R/nm  mass m*/m.  frequency vpp/THz  frequency vpn/THz  bottom £4/eV  D(ep)/(1/eV)
SiCNWs 1.0179 0.5114 1.48/1.82 6.87 17 2.218 9.444
N-SiCNWs 1.0138 0.5093 1.45 6.87 17 -0.1279 6.561
P-SiCNWs 1.0255 0.5152 1.70 6.87 17 -0.0713 8.693
As-SiCNWs 1.0277 0.5163 1.51 6.87 17 —-0.0834 8.735

For doped SiCNW, substitution of N, P, and As for C
atoms produces weakly bonded electrons, and thus causing
common electrons to appear on the impurity band to form an
n-type semiconductor. After being doped , SICNWs become
an indirect bandgap semiconductor, in which the valence band
tops of all SICNWs are in the center I of the Brillouin zone,
the bottom of the conduction band (the bottom of the impu-
rity) appears in the [001] direction and is at a quarter of the
boundary of the Brillouin zone. It may follow from the distri-
bution of electronic density of states (Fig. 3) that in SICNWs,
p electrons play a leading role, the valence band top is deter-
mined by the 2p electron of C atom, and the 3p electron of
Si atom mainly affects the conduction band.>!3 This indi-
cates that the density of states D(€p) near the Fermi level of
undoped SiCNWs is determined by the 2p electronic state of
C atom. The value density D(gg) near the Fermi level of the
doped SiCNWs is mainly determined by the 3p electrons of Si
atom, which are affected by p-state electrons of doping atom

such as N, P, and As atoms. [*%]

3.2. Transport properties for N-, P-, As-SiCNTs based on
numerical simulations

3.2.1. Doping effect of different acceptor

According to Egs. (1)-(8) and Tables 1 and 2, we calcu-
late the doping effect of the fifth group elements N, P, and As
on SiCNWs before and after H passivation. The numerical
simulation results of electron concentration and mobility and
conductivity at room temperature (7' = 300 K) are shown in
Fig. 4. It can be seen that the mobility of undoped SICNWs
is greater than that of doped SiCNWs. However, due to the
low carrier concentration of undoped SiCNWs, its conductiv-
ity (8.0 x 1072% S/cm) is much lower than the conductivity of
doped SiCNWs (not shown in Fig. 4).

It can be seen from Fig. 4(a) that the conductivity (T =
300 K) of N-SiCNWs is less than one-quarter of P- and As-
SiCNWs, while the difference in quantity between P and As
dopings is small. The difference in carrier concentration pro-
duced among N, P, and As dopings is small, and their dop-
ing effect is mainly derived by mobility. From Fig. 2, the
surface dangling bond of N-SiCNWs has a large discrete ef-
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fect on the impurity band, which makes the value of D(¢p)
smaller (Fig. 3), therefore, the electron mobility in N-SiCNWs
is smaller than that of P- and As-SiCNWs. After the surface
dangling bonds are saturated with hydrogen, the conductivity
of N-, P-, and As-SiCNWs are increased by about two orders
of magnitude (at room temperature) as shown in Fig. 4(b).
This is because the interaction between the surface state of
the dangling bond and the impurity level disappears, and thus
causing the discretized impurity band to form a degenerate im-
purity level, at this time, the electron migration follows the
Boltzmann transport theory rather than the VRH model. The
main factor affecting migration is the scattering mechanism.
Figure 4(b) shows that after passivation, the conductivity of
N-SiCNWs is still smallest, but the difference is not large (less
than 20%).
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Fig. 4. Schematic diagram of different donor doping effects for (a) unpassi-
vated N-, P-, As-SiCNWs and (b) passivated N-, P-, As-SiCNWs.

3.2.2. Temperature-dependent conductivity and ther-
mal stability of conductivity

Based on first-principles data in Tables 1 and 2, using the
carrier concentration and mobility Egs. (1)-(8) of the reso-
nances, the temperature characteristics of the conductivity of
the N-, P-, As-SiCNWs (unpassivated and passivated) and the
temperature coefficient of the conductivity (TCC)!33! at differ-
ent temperatures are obtained as shown in Fig. 5. The tem-
perature characteristics of carrier mobility of the N-, P-, As-
SiCNWs (unpassivated and passivated) are shown in Fig. 6.

It can be seen from Fig. 5(a) that the conductivity of
the N-, P-, As-SiCNWs increase with temperature increas-
ing, while at temperatures below 300 K, the conductivity does
not change much with temperature increasing. At all temper-
atures above 300 K, the conductivity of P-SiCNWs and As-
SiCNWs are more considerable than that of N-SiCNWs, and
the conductivity of P-SiCNWs is slightly greater than that of
As-SiCNWs. After passivation, the temperature characteris-
tics of the conductivity of N-, P-, and As-SiCNWs are sim-
ilar to those of unpassivated SICNWSs. At all temperatures,
the conductivity of P-SiCNWs is more considerable than that
of N- and As-SiCNWs as shown in Fig. 5(b). Regarding the
effect of diameter effect on conductivity, according to the pre-
vious work, 1339 we can speculate that as the size increases,
the doping concentration will decrease and so will the conduc-

tivity.
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Fig. 5. Plots of temperature-dependent conductivity and temperature co-
efficient of [(a) and (c)] unpassivated and [(b) and (d)] passivated N-, P-,
As-SiCNWs.
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Fig. 6. Temperature-dependent carrier mobility of (a) passivated and (b)
unpassivated N-, P-, As-SiCNWs.

It can be seen from Figs. 5(c) and 5(d) that the TCC val-
ues decrease with temperature increasing. Among them, the
TCC value of N-, P-, and As-SiCNWs at room temperature
are all about 2% K~!, the three dopants are slightly different
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from each other. After passivation, there is almost no differ-
ence in TCC value among the three dopants, their TCC values
are increase by an order of magnitude (about 0.2% K~!). This
indicates that the passivation improves the thermal stability of
N-, P-, and As-SiCNWs.

The mobilities of the bare N-, P-, As-SiICNWs increase
with temperature increasing and tend to a constant value
(about 3.5 x 1073 ¢cm?/V-s). The dependences of the carrier
mobility of passivated N-, P-, As-SiCNWs on temperature are
very small. Due to the small difference in the carrier concen-
tration among the doped SiCNWs, the high conductivity of
P-SiCNWs is mainly because of their high mobility. As can
be seen from Figs. 2, 5, and 6, among doped SiCNWs, below
300 K, the mobility plays a dominant role in the conductivity,
while above 300 K, the leading role is the carrier concentra-
tion.

4. Conclusions

In summary, we have used the generalized gradient ap-
proximation method in density functional theory to study the
conductance spectra of the fifth group of N-, P-, As-doped
SiCNWs. Based on the data of the band structure, we cal-
culate the transmission characteristics of the doped SiICNWs.
The results show that N-doping is the most stable in all doped
SiCNWs. At room temperature, for unpassivated SiCNWs,
the doping effects of P and As are better than that of N. After
passivation of SICNWs, the conductivity values of all doped
SiCNWs increase by approximately two orders of magnitude.
The conductivity of N-SiCNWs is still smallest, but it is not
much different from others. The conductivity of the N-, P-,
As-SiCNW:s before and after passivation are compared, show-
ing that the three doped SiICNW s have the same conductivity-
temperature characteristics, that is, above room temperature,
the conductivity of the doped SICNWs increases with temper-
ature increasing. Of them, P-doped SiCNWs have the highest
conductivity. The TCCs of N-, P-, As-doped SiCNWs (before
and after passivation) all decrease with temperature increas-
ing, and the passivation can improve the thermal stability for
each cof N-, P-, and As-doped SiCNWs.
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