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Influence of N doping on the Rashba coefficient, semiconductor-metal transition, and electron
effective mass in InSb;_,N, nanowires: Ten-band k:p model
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The electronic structures of InSb;_, N, nanowires are investigated using the ten-band k- p method. It is found
that nitrogen increases the Rashba coefficient of the nanowires dramatically. For thick nanowires, the Rashba
coefficient may increase by more than 20 times. The semiconductor-metal transition occurs more easily in
InSb;_,N, nanowires than in InSb nanowires. The electronic structure of InSb;_,N, nanowires is very different
from that of the bulk material. For fixed x the bulk material is a semimetal, while the nanowires are metal-like.
In InSb;_,N, bulk material and thick nanowires, an interesting decrease of electron effective mass is observed
near k=0 which is induced by the nitrogen, but this phenomenon disappears in thin nanowires.
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I. INTRODUCTION

Dilute nitride alloys of III-V semiconductors have pro-
gressed rapidly over recent years following the discovery of
strong negative band gap bowing effects.!~* Most theoretical
and experimental work have concentrated on the alloys of
In,Ga;_,As;_N,,'® owing to its technological importance
for fiber-optic communications at wavelengths of 1.3 and
1.55 pm. It is believed that nitrogen increases the electron
effective mass of semiconductors,” while a first-principles
calculation'® shows that nitrogen decreases the electron ef-
fective mass near k=0. There are many investigations on
narrow-gap InSb,_,N, alloys.!!~!7 The band gap of InSb,_,N,
can be tuned to be near zero, even negative,'° by increasing
the percentage of nitrogen. Therefore, the InSb;_,N, might
provide an alternative material, for infrared and terahertz ap-
plications, which would overcome some of the limitations of
the more established materials.

Semiconductor nanowires can be grown out of numerous
materials including InSb (Refs. 18 and 19) in a large range of
radius by several methods. There is an increasing interest in
the Rashba spin-orbit interaction?>-?* induced by an external
electric field in semiconductor nanostructures because of its
potential applications in spintronic devices. In two-
dimensional semiconductor, it is found that the Rashba spin
splitting exhibits a nonlinear behavior as a function of in-
plane momentum,?*° and a two-parameter nonlinear
Rashba model has been proposed by Yang and Chang,’!
which works well in describing this nonlinearity. Rashba
spin splitting was measured in semiconductor nanowires.”!
Spin-polarized transport in semiconductor nanostructures is
affected by Rashba spin-orbit interaction.’>3 Many methods
to synthesize diluted nitride semiconductor nanowires have
been recently reported.’*3> However, the electronic structure
and the effect of the electric field, especially the Rashba
spin-orbit splitting and the transport property, of diluted ni-
tride semiconductor nanowires have not been studied.

In this paper, we calculate the electronic structures of
InSb;_,N, nanowires using the ten-band k-p method. The
calculation model is given in Sec. II. Our numerical results
and discussions are given in Sec. III. Our conclusions are
presented in Sec. IV.

1098-0121/2007/75(20)/205331(6)

205331-1

PACS number(s): 73.21.Hb, 73.63.Nm, 71.55.Eq, 71.70.Ej

II. THEORY MODEL AND CALCULATIONS

We represent the ten-band Hamiltonian in the basis func-

tions [S\)T, [SYT, [11) 1, [10) T, [1=1)1, |S\) L, [S)L, [11) L,
[10) |, and [1-1)] as
(Hfive )
Hten: +HS0+ V’ (1)
Hfive

where |Sy) is the basis function of the N, H,, is the valence-
band (VB) spin-orbit coupling Hamiltonian and is shown
above,”? and V is the electric-field potential term. Hgp 18
written as

Ex Viex”?
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i
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)
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where E, is the band gap of bulk material, p,=7 %), E,is

the matrix element of Kane’s theory, k.=k,xik,, k is the
wave vector, Ey=0.65 eV is the nitrogen energy level rela-
tive to the valence-band maximum, Vyc=3.0 eV is the cou-
pling strength between the conduction band (CB) state and
the nitrogen state,*® and x is the composition of the N. Hy, is
a 4 X4 matrix which is written as

P, 0O 0 0
#?| 0 -P, -G -F
“omg| 0 -G* -P; -G
0 -F -G* —P,

: 3)

Hy,

where
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TABLE 1. The parameters of InSb material.

EP Eg Aso
m, L M N (eV) (eV) (eV) €,
0.0136m,, 98.9 4.58 101.0 21.2 0.2352 0.81 16.8
P,=vyk_k, + %k%, (4a) function is expanded in Bessel functions and the longitudinal
) wave function is the plane wave. The total envelope function
L'+ M including the electron and hole states is
P = k k,+M'EZ, (4b) 13,ilf
2 JiniAindi(k,r)e’
A Tk )it
Py=M'k_k, +L’k§, (4c) ciaifind nzi)le i(1-1)8
by piAri ik, e’
P L'-M' -N' 2y L'-M'+N' 2 44) ClniArnd (Kor)e™
+ i i
4 4 v, =S it A (e ' r)e D s
Tk, = KL eite €7 (8)
Lr _Mr _N/ L/ _M/ +N/ n fl+l,n,lAI+l,nJZ+l( n r)e
i 2 2 .
F= 4 kZ+ 4 ks (4e) ez+1,n,¢A1+1,nJ1+1(kiﬂr)el(m)o
bl,n,lAl,nJL(kir)eila
G= LFN,k—k" (4f) Cretn Avst a1 (K )
V2 o A 1ok ) e
.1 where J=[+1/2 is the total angular momentum and A, is
G = —EN "kk.. (4g) the normalization constant,
\/
. 1
v, L', M', and N' are given by =T 9)
VTR (@)
my E,[2 1
Ye= T3\ E + E +37) (52)  with a! the nth zero point of the Bessel function J(x).
¢ s s
L'=L-EJE, (5b) IIL. RESULTS AND DISCUSSION
M =M, (5¢) The parameters of the InSb material used in this paper are
listed in Table 1. However, these parameters measured in the
N'=N-E,E,, (5d) bulk material include some contributions from, for example,

where m,. is the electron effective mass, L, M, and N are the
Luttinger parameters, and A=A, /3, with A, the spin-orbit
splitting energy at k=0 of VB.??

We assume that the nanowires have cylindrical symmetry,
the longitudinal axis is along the z direction, and the electric
field is applied along the x direction (i.e., F=FX, where F is
the field strength in the nanowires). So the electric-field po-
tential term can be written as

V=eFx=eFr(e'?+ e, (6)

where (r, 6) is the polar coordinate system. It is noticed that
due to the dielectric effect, the electric field in the nanowires
has the following relationship with the external electric field:

260

F_

- Fext’ (7)
€.+ €

where €, and ¢ are the dielectric constants inside and outside
the nanowires, respectively.

We assume that the electrons and holes are confined lat-
erally in an infinitely high potential barrier. The lateral wave

the nonlocal character of the self-consistent potential that are
absent in narrow-gap nanostructures.?’” Therefore, using
these parameters requires taking special precautions. The
nonlocal contributions are

AL =- 215"[, AM = 35}119 AN =- 245”1, Aa: - 105,11,
(10)
2 ERE
Su=—m\ L (1)
15me,E, V 3

where E3=27.211 eV.

The energy levels of the InSb;_ N, nanowires with R
=20 nm and x=0.01 at F=0.5 mV/nm as functions of k, are
shown in Fig. 1(a). We find that the band gap is about
120 meV, and 1% of nitrogen can decrease the band gap by
more than 100 meV. Transverse electric field brings inver-
sion asymmetry along its direction and thus introduces the
Rashba spin-orbit coupling. All the spin degenerate bands are
split when k. # 0 in Fig. 1(a). The Rashba splitting energy of
the lowest two CBs is shown in Fig. 1(b). The splitting in-
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creases linearly with k, when k, is small, then decreases with
k, when k_ is large, because the CBs become far away from
the VBs and the Rashba splitting of the CBs comes from its
coupling with the VBs.*® Recently, Yang and Chang have
found that the Rashba spin splitting is intrinsically a nonlin-
ear function of the momentum, and the linear Rashba model
may overestimate it significantly, especially in narrow-gap
semiconductors.’>3! Their two-parameter nonlinear Rashba
model®! is confirmed in InSb,_,N, nanowires as well as in
InSb nanowires, as shown in Fig. 1(c). We find that the non-
linear Rashba effect is more explicit in Fig. 1(b) than in Fig.
1(c), with the maximum appearing at a smaller wave vector.
The reason is the decrease of band gap induced by nitrogen.
However, the linear relationship®® still remains near k.
=0, so we can define a Rashba coefficient as a=% ';ATE| k.=0-
Figure 2 shows the Rashba coefficient as a function of R
and x. We find that when x=0, the Rashba coefficient in-
creases with the radius and then saturates, which is in agree-
ment with the previous result and the deduced formula>3°

R(nm) 40

FIG. 2. (a) Rashba coefficient of InSb;_,N, nanowires at F
=0.5 mV/nm as a function of R and x.

A2 NQE!+3\
qo g M2E 3N (12)

eF,
2my "E(E,+3\)?

where E(;, is the band gap of the InSb;_ N, wire. When the
nitrogen composition increases, the Rashba coefficient in-
creases. The reason is that as x increases, E;,,’ decreases, so
the coupling between CB and VB becomes strong. When R
is larger, the relative increase of the Rashba coefficient with
x is larger. This is because when R is larger, the band gap of
InSb nanowires E '0 is smaller, and the relative decrease of
band gap (Ey—E,)/Ey is larger for a given x. The Rashba
coefficient can increase by more than 20 times as x increases.

From Eq. (12), we find that the Rashba coefficient in-
creases with the electric field F. On the other hand, in the
case of a large electric field [see Fig. 3(a)], the CBs and VBs
overlap, and the Rashba splitting of the lowest CBs does not
exist. In this case, there is another interesting phenomenon.
Because the intrinsic Fermi level (dashed line) crosses with

4001@ R=20nm, x=0.01
F=20mV/nm
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FIG. 3. (a) Energy levels of InSb;_,N, nanowires with R
=20 nm and x=0.01 at F=20 mV/nm as functions of k.. (b) Con-
ductivity of the InSb;_,N, nanowires with R=20 nm and x=0.01 at
T=77 K as a function of F. (c) Conductivity at F=10 mV/nm and
T=77 K as a function of x.
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FIG. 4. Lowest CB and highest VB energy levels at k,=0 of
InSb;_,N, nanowires with R=20 nm as functions of F and x.

many bands, there are many carriers on the Fermi level
which contribute to the conductivity of the nanowires along
the wire direction.

We calculate the conductivity of the nanowires along the
wire direction using the Boltzmann equation and the
relaxation-time approximation, assuming that the momentum
relaxation time (7) is energy independent,?>38

2 OE,\? e ErERksT
o= 272 E e (E—En)k sdk,
2R kT ok,) (1 + ' ErEp/ksT)

where i refers to different energy bands.
The conductivity of InSb;_,N, nanowires with R=20 nm
and x=0.01 at 77 K as a function of the electric field is

(13)
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shown in Fig. 3(b). When F is smaller than 6 mV/nm, the
conductivity is zero and there will not be electric current in
the intrinsic nanowires. When F is larger than 6 mV/nm, the
conductivity increases dramatically with F. When F
=20 mV/nm, the conductivity has the magnitude of metal
conductivity, so the wire is transformed from a semiconduc-
tor into a metal. Unlike the traditional transistor, we can use
the intrinsic nanowires to design a different kind of quantum
transistors, which can be turned on and switched off by a
transverse electric field. Figure 3(c) shows that the conduc-
tivity at given R and F increases with x.

The lowest CB and highest VB energy levels at k,=0 of
InSb;_,N, nanowires with R=20 nm as functions of F and x
are shown in Fig. 4. Actually, they are correctly named only
when the CB is above the VB. From the figure, we find that
when x=0, the band gap at F'=0 is about 270 meV, and an
electric field of about 14 mV/nm can make the bands over-
lap, and we named this electric field as the critical electric
field. As x increases, a smaller electric field can make the
bands overlap, i.e., the critical electric field decreases. When
x=0.02, the critical electric field is about 5 mV/nm.

When x is larger than a critical value of about 0.017, the
bulk InSb,_, N, has negative band gap, as shown in Fig. 5(a).
In calculating the electronic structure of bulk material, we
have expanded the wave function in plane waves and have
used the k. and k. in the Hamiltonian [Eq. (1)] as good
quantum numbers. When x>0.017, the bulk InSb;_/N, has
semimetallic band structure. From Figs. 5(b) and 5(c), we
find that the light-hole and heavy-hole bands are near the
Fermi level (dashed line), and the CB is below them. It is
noticed that at the Fermi level, the light-hole and heavy-hole
bands are tangential to each other, so the conductivity is zero
at zero temperature, which can be large at nonzero tempera-
tures. From Fig. 5(d), we find that the nitrogen almost does
not change the VBs of nanowires and reduces the CBs with
increasing x, which is similar to the bulk material case. How-

FIG. 5. Electronic structures of
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ever, the CBs come close to the VBs at a larger x compared
to the bulk material because the quantum confinement effect
increases the band gap. The energy bands of InSb;_,N, nano-
wires with R=20 nm and F=0 at x=0.025 and 0.08 are
shown in Figs. 5(e) and 5(f), respectively. At x=0.025, the
lowest CB is about 33 meV above the highest VB, and the
nanowire is still a semiconductor, though the lowest band
above the Fermi level contains 70% VB, 20% CB state, 10%
nitrogen state components. At x=0.08, similar to the bulk
material, the nanowire is not a semiconductor and the bands
near the Fermi level are VBs. Compared with Fig. 5(c), the
Fermi level in Fig. 5(f) crosses with some bands and the
nanowire has nonzero conductivity at zero temperature.
Thus, the nanowire is metal-like, which is different from
what is observed in the bulk material. This is because in
nanowires there is an additional coupling between the bands
due to the lateral quantum confinement which interacts with
the coupling of k, terms, leading to the complex metal-like
electronic structure.

The electron effective mass of InSb;_,N, bulk material
has been widely measured.!'='* It is believed that the elec-
tron effective mass at the Fermi level increases with the ni-
trogen composition; for example, Murdin et al.'> found that
1% of nitrogen can increase the electron effective mass at the
Fermi level from 0.033 to 0.044. It is obvious that 0.033 is
not the mass of InSb at k=0 (0.0136), but rather the mass at
the wave vector on the Fermi surface. We calculate the CBs
and electron effective masses of InSb;_ N bulk material us-
ing the formula 1/m,=|JE,(k)/dk|/%k,> which are shown in
Figs. 6(a) and 6(b), respectively. We find in Fig. 6(b) that
when k is far away from 0, the mass increases with the ni-
trogen composition, and at kz=0.35 nm™', 1% of nitrogen
can increase the mass from 0.033 to 0.044, which is in agree-
ment with the experimental result.'2 On the other hand, the
electron effective mass of InSb;_ N, bulk material near k
=0 decreases with the nitrogen composition. Nitrogen has
two effects on the electron effective mass. One is the direct

effect in which nitrogen increases the mass, which has been
discussed thoroughly before.® The other is the indirect effect
where nitrogen decreases the band gap, pushing the CB to
the VB and strengthening the coupling between CB and VB,
so as to decrease the mass. In narrow-gap semiconductors,
the indirect effect may dominate near k=0. Previous works’?
show that in wide-gap semiconductors, the indirect effect is
small and the direct effect always dominates so the electron
effective masses always increase with nitrogen composition.
We show the electron effective masses of InSb;_ N, nano-
wires with R=10 nm at F=0 as functions of k. in Fig. 6(c).
We find that at any k,, the electron effective mass increases
with x, which is similar with the wide-gap semiconductor
case,”” because the band gap of the thin InSb,_,N, nano-
wires is large. The phenomenon of nitrogen decreasing the
electron effective mass at k,=0 disappears in thin InSb;_ N,
nanowires but appears in thick InSb,_ N, nanowires, as
shown in Fig. 6(d).

IV. CONCLUSIONS

The electronic structures of InSb;_ N, nanowires are in-
vestigated by using the ten-band k- p method. The InSb,_ N,
nanowires exhibit extremely strong band-gap bowing with
the nitrogen composition x. It is found that nitrogen increases
the Rashba coefficient of the nanowires dramatically. For
thick nanowires, the Rashba coefficient may increase by
more than 20 times. The interesting nonlinear Rashba
effect’®3! is more explicit in diluted nitride semiconductors.
The semiconductor-metal transition occurs more easily in
InSb,_ N, nanowires than in InSb nanowires. The
semiconductor-metal transition of InSb;_,N, nanowires can
be used to design a different kind of quantum transistor. The
electronic structure of InSb;_ N, nanowires is different from
that of the bulk material. For a fixed x the bulk material is a
semimetal, whereas the nanowires are metal-like. In
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InSb;_, N, bulk material and thick nanowires, the electron
effective mass near k=0 decreases with x.
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