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The fantastic physical properties of single-walled silicon nanotubes (SWSiNTs) under mechanical strain
make them promising materials for fabricating nanoscale electronic devices or transducers. Here we
investigate the energy band and band-gap properties of the SWSiNT's calculated from the tight-binding
model approximation. The results show that the band-gap properties are very sensitive to the defor-
mation degree and the helicity of the SWSiNTs. The results can be employed to guide the design of

nanoelectronic devices based on silicon nanotubes.
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1 Introduction

Bottom-up assembly of nanoengineered materials holds
promise for enabling a variety of applications in nanoelec-
tronic devices with high integration density leading to
enhanced performances [1-6]. Silicon nanotubes (SiNTs)
are the most attractive because of the advantage of be-
ing compatible with today’s integrated circuit technology
for bulk silicon, as well as having controllable diameter
and electronic properties during synthesis [4-8]. Except
for the fascinating photoelectric and electronic proper-
ties like silicon nanowires [1-3], SiNTs also have great
potential applications in energy conversion and storage
owing to their considerable hollow cavities [5-15].

In the past few years, the synthesis of SiNTs has been
demonstrated by various groups, each using a different
growth process [5-8]. In 2002, Yang et al. [6, 7] first
reported the synthesis by chemical vapor deposition and
experimental observation by transmission electron mi-
croscopy (TEM) of large-diameter SiNTs (50 nm). Re-
cently, Si nanotubes (SiNTs) have been investigated to
elucidate the structural and electronic properties [11-14].
The results indicate that, under appropriate conditions,
single-walled silicon nanotubes (SWSiNTs) may be sta-
bilized. Fagan et al. [11] have investigated the struc-
tural and electronic properties of chiral SWSiNTs based
on density functional theory (DFT) and claimed that Si
hexagonal single-walled nanotubes may exhibit metallic

or semiconductor behaviors, similar to the corresponding
carbon nanotubes. Seifert et al. [12] have studied the
mechanical and electronic properties of SWSiNTs using
DFT tight-binding (TB) method and concluded that all
these structures are semiconducting. Ponomarenko et al.
[13] studied the energetics and their electronic structures
compared with single-walled carbon nanotubes (SWC-
NTs). Using the first principles method, Yang et al. [4]
found that the electronic properties of SWSINTs have
similar electronic properties with SWCNTs depending
on different diameters and chiral vectors, and the large
Si hexagonal single-walled nanotubes can be explained
using the tight-binding model and the method of Bril-
louin zone foldings.

It is well known that the physical properties of the
nanotubes depend much on their geometric structures,
and so can be easily changed by an applied pressure or
strain, which could be used to fabricate the nanoscale
devices and transducers. Due to the experimental sur-
roundings, the SWSINTs may be subjected to various
mechanical deformations. The effects of deformations,
especially uniaxial tensile and torsional strains, on the
energy bands and electronic properties of SWSINTs are
of great interest, offering the potential applications in na-
noelectronic devices, and have attracted much attention.
In this work, we present a simple picture of the strain
effect on the energy band change of hexagonal SWSiNT's
using the tight-binding model. The theoretical investi-
gations showed that both uniaxial tensile and torsional
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Hexagonal nanotubes

Fig. 1 Geometric structure of a silicon nanotube sheet. 71, 13, and 73 correspond to bond 1, 2, and 3, respectively. a1
and ag are the lattice vectors of the two-dimensional sheet. ¢ and f are unit vectors along the circumference and tube axis,

respectively.

strains have a great impact on the energy band struc-
tures of the SWSINTs.

2 Theory and Model

Hexagonal Si nanotubes (h-SiNTs) are formed by rolling
the Si graphite-like sheet structure in analogy with
CNTs, as shown in Fig. 1. When rolled into hexagonal
SiNTs, two inequivalent atoms (A, B) have equal dis-
tance to the axis of the nanotubes. Similar to SWCNT's,
A (n, m) SWSINT can be viewed as a silicon graphite
sheet rolled up into a cylinder and can be defined by
two-dimensional lattice vector R = nai + mas, where
a1 and a9 are primitive lattice vectors and m, n are a
pair of integers. Cj, = agvn? + m? + nm is the circum-
ference of a nanotube in the equilibrium lattice constant

lai| = |az| = ao(=3.85 A). The bond vectors are given
by
g JonEM, | G0 My s (1-a)
T Ch/ao 24/3 Cr/ao !
apg m . ap 2n+m.
rg = —— ¢ t+ or 1-b
2 2 Ch/ag 23 Ch/ag ? (1-b)

where dr; represents deviation from an undeformed sheet
and 73 = —(r1 + r2). A cell in the nanotube can be la-
beled by a pair of integers (g, k), which is determined by
a chiral vector » = ga; + has, as shown in Fig. 1. The
electronic states of a nanotube allowed by the Born—von
Karman boundary condition k - R = 2nl lie on paral-
lel lines perpendicular to R. Furthermore, a deformed
SWSINT by uniaxial and torsional strains can be con-
structed when a 2-D strain tensor & = (8i1)2x2 is im-
posed. In the deformed nanotubes, real space vectors are
r = (I + 5) 79, where I is a unit matrix and ro denotes
the bond vector of the undeformed nanotubes. Within
the context of continuum mechanics, application of a uni-
axial or torsional strain causes the following change in
the bond vectors of Fig. 1 [19]:

rit— (1 +¢e¢)riy and r;e— (1 +¢e.)rie (tensile) (2-a)
!

4 (n2 +m? + nm)

Tic — Tic + tan~yr; (torsion) (2-b)

where, ¢ = 1,2,3, and the superscripts ¢ and ¢ denote
components along the tube axis and circumference. 74,
is the p component of r;. £; and €. represent the strains
along the tube axis and circumference, respectively, in
the case of uniaxial strain. The Poisson ratio v is equal
to 0.2 (i.e., e = —0.2g4) [16-18]. 7 is the shear strain.
The lattice vectors of the deformed sheet are given by

ay =Ty —T3

= <12_0 [(14—60)%% + anv?#/ao] é
+a0(1+st)73#/ao“ 3)
as =71 — 79
=ag [(1 +6c)%%1_/2;: — anﬂy?%/ao] é
—ap(1 +€t)%§#/ao£ (4)

The corresponding unit cell area is |a1 X a2| =
V3/2(1 + &) (1 + ec)ad.

As done in the study of the SWCNTSs before [18, 19],
the nanotube is treated within the approximation that
it is a rolled up graphene sheet and assume a single-p
orbital per silicon atom. Under the tight-binding (TB)
approximation, the Hamiltonian of a (n,m) deformed
nanotube is given by [16, 18]

H(k) = Z t;exp(ik - 7;) (5)

g,h,i

where t1, to, and t3 represent the hopping parameters of
the three kinds of deformed Si—Si bonds from a silicon
atom with a bond length r; and vector r; = (I + &)rio.
The primary effect of the bond deformation is to alter the
hopping parameters between the two nearest-neighbor
atoms, which is assumed to be scale with the bond length
relation ¢; = to(To/’l“i)Q (’L = 1, 2, 3) [17719]

Three t; (i = 1,2, 3) are given as follows:

t1 =to

[V3(n+m)(1+e.)— (n—m) tan’y]Z +[(n—m) (1 +e))?
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[—V3m (1 +e.) + (2n+ m) tan’y]z +[2n+m)(1+¢e))

4 (n2 + m? —|—nm)
ts =to

(6-b)

where the superscripts ¢ and ¢ denote components along
the tube axis and circumference.
In this work, we take the parameters ag = 0.385 nm,

ro = 0.225 nm, and tg = 0.95 eV, which are obtained
|

[—V3Bn (1 + ) — (n+ 2m) tan~]” + [(n + 2m) (1 + £,)]?

(6-c)

by fitting the first principles calculations [4, 11]. Fur-
thermore, diagonalization of the Hamiltonian gives the
energy band structure of the (n, m) deformed nanotube
sheet to be

\/§ n
L S —
2 Vn?24+nm+m2
V3 mk; (14 €¢) ao
_’___
2 V/n2 +nm + m?

(]. + Et) ag

(7)

n—+2m
Ei (kt) ==+ {t% + t% + tg + 2t1t2 COS [ﬂNm
t 2
—rcN\/g any n + 2t1t3 cos EN&
1+e. n2+nm+m?2 n2 + nm + m?2
t _
-i-r[N\/g any n + 2tots cos AN— ™
1+e. n2+nm+m?2 n2 + nm + m?2
+£(n+m)kt(1+5t)a0 Nx/gtan'y n+m 1/2
2 Vn24+nm+m2 14+e. n2+nm-+m2

where N = 0,1,...,N.—1; (N, is the hexagon num-
ber in a unit cell), and —n/T < k < =n/T with T,
the deformed 1-D lattice constant determined by T =
(14 &) V3Ch/ ged (2n 4+ m,2m +n). Here, ged refers
to the largest common divisor. The plus and minus
subscripts above stand for the conduction and valence
bands, respectively. The energy band of a (n, m) nan-
otube in the presence of uniaxial (y = 0) or torsional
strain (g, = e, = 0) can be calculated from Egs. (1)—(7).

3 Results and discussion

Based on TB calculations, now we present our theoreti-
cal analysis of (n, 0) zigzag and (n, n) armchair SWSiNTs
for different n values for zigzag and armchair structures.

We first consider the case of uniaxial strain. The band
gap is obtained by finding the minimum of E(k;), where

b= O = W

Energy band /eV

=1
=

(a)

|
the values of k; and IV are spanned and analyzed. Fig-
ures 2 and 3 show the energy bands for the (10, 10) and
(10, 0) nanotubes under tensile strain with ¢; = 3% and
er = 6%. As shown in Fig. 2 and Fig. 4, for armchair
tubes, the uniaxial strain does not cause change in band
gap; but for zigzag tubes, the magnitude of the band-gap
change is approximately equal to 3y, which is similar to
the results of the corresponding SWCNTs [16, 18, 19].
Besides, as shown in Fig. 4, it is found that under uni-
axial strain, the derivative of band gap over strain is the
largest for zigzag tubes and decreases with increase of
the chiral angle.

As uniaxial strain increases, there is an abrupt reversal
in sign of the magnitude of the band-gap change |E,/do|
as illustrated for zigzag tubes in Fig. 4. This feature in-
dicates a change in band index N corresponding to the
band gap and can be understood from the following ex-
pression that describes dependence of energy band struc-
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Fig. 2 (a) Energy band for the (10, 10) tube under tensile strain e = 3%. (b) Change of N = 3 energy band for the
(10, 10) tube under tensile strain. The dotted and circle line correspond to 3% and 6% strains, respectively. Here, k is in

unit of 1/ag.
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ture of (n,0) nanotubes for various values of N:
4t N
FE (kt) = :|:t2 {]. + t_l COS —ﬂ: COS |:(]. + Et) ?ktao
2 n

The minimum of E (k) occurs at k; = 0, given by

2t1 Nmn
1— —cos
t2 n

E (0) = +t,

To

Enargy band /eV

-05 0 0.5
Wave vector &
Fig. 3 Change of N = 3 (solid line), and N = 4 (dotted line) en-
ergy bands for the (10, 0) tube under tensile strain. The red and
black lines correspond to 3% and 6% strains, respectively. Here, k

is in unit of 1/ag.
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Fig. 4 Band gap versus tensile strain.

The minimum value of Ey (N) = t9|1 — 2cos(Nn/n)| is
half of the band gap of an unstrained nanotube. The first
term of Eq. (9) takes the smallest value for the band
index N = Ny that satisfies n = 3Ny + 1. However, the
second term can change sign when N changes from Ny to
No+1. As aresult, a dramatic change in sign of dE,/do
becomes possible if the magnitude of the second term is
larger than the change in the first term. For the (10, 0)
tube, the change in slope occurs at around nine percent
strain. These strain values are accessible in bulk nan-
otube samples. Figure 3 shows the change in the N =3
and N = 4 energy bands for the (10, 0) tube for differ-
ent values of tensile strain. While the N = 3 band shifts
up in energy as strain increases, the NV = 4 band shifts
down, which leads to the corresponding change in sign
of dE,/do.

In case of torsional strain, the band gap is obtained by
finding the minimum of E(k;) using Eq. (7). Figure 5
shows the N = 3 energy bands for the (10, 0) nanotubes

1/2
} <2t1>2 QNn}
+(— cos” —
t2 n

= Ey (N)—2t06£ <1—25ﬁcosﬂ> <1—2cosﬂ>
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1 n n )
under torsional strain with v = 1° and v = 2°. As shown
in Fig. 5 and Fig. 6, for the (n, 0) zigzag tubes, the tor-
sion strain doesn’t cause too much change and only a
slightly small band-gap change. For armchair tubes, the
magnitude of the band-gap change |E,/do| is approxi-
mately equal to 3ty independent of the diameter.

N/

'l
<3t /\ \
—15 \-/ N

3}
-0.5 0 0.5
Wave vector k
Fig. 5 Change of N = 3 energy bands for the (10, 0) tube under

torsional strain. The red solid and black dotted lines correspond
to 1° and 2° strains, respectively. Here, k is in unit of 1/ag.
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Fig. 6 Band gap versus torsional strain.

As a result of the hexagonal structural characteristic,
some aspects of SWSiNT's exhibit similar oscillations as
the SWCNTSs, such as the energy gap of (n, 0) nanotube
with increasing n, and the energy gap of nanotube with
increasing strains [17-19]. Mechanical strain red or blue
shifts the energy levels of the SWSINT depending on the
types of strains induced and the value of (n —m) mod
3 rule. Besides, most of the deformed SWSiNTs show
a metal-semiconductor transition, occurring periodically
with increasing strain. These oscillations can be under-
stood in terms of periodic match between the Fermi wave
vector kr and the lattice constant or the m bonding char-
acteristics. Symmetry breaking due to the deformation
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may remove the energy level degeneracy.

4 Conclusions

In conclusion, we present a simple picture to calculate
energy band and band gap versus strain of SWSINT. In
the TB approximation, we have shown that the energy
band and band-gap of single-walled silicon nanotube is
sensitive to the uniaxial and torsional deformations. We
find that some aspects of SWSiNTs exhibit similar os-
cillations as the SWCNTSs, such as the energy gap of
(n, 0) nanotube with increasing n, and the energy gap
of nanotube with increasing strains, due to the hexago-
nal structural characteristic. The results indicate that,
under uniaxial strain, |dEg/do| of zigzag tubes is 3t
independent of diameter, and it takes the value zero for
the armchair tubes. In contrast, under torsional strain,
|dEg/do| of armchair tubes is 3tg. The ab initio cal-
culations on the effect of deformations on the band-gap
change of SWSiINTs are in progress for further study and
comparison. These results can be used in future appli-
cations of nanoelectronic devices based on SWSiNTs.

Acknowledgements This work was supported by the Na-
tional Natural Science Foundation of China (Grant No. 60721004)
and the National Basic Research Program of China (Grant No.
2009CB010600).

References

1. Y. Huang, X. F. Duan, Y. Cui, L. J. Lauhon, K. H. Kim,
and C. M. Lieber, Science, 2001, 294: 1313
2. Y. Cui and C. M. Lieber, Science, 2001, 291: 851

4
5

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

187

. Y. Cui, Q. Q. Wei, H. K. Park, and C. M. Lieber, Science,
2001, 293: 1289

. X. Yang and J. Ni, Phys. Rev. B, 2005, 72: 195426

. J. Bai, X. C. Zeng, H. Tanaka, and J. Y. Zeng, Proc. Natl.
Acad. Sci. USA, 2004, 101: 2664

. S.Y. Jeong, J. Y. Kim, D. Yang, B. N. Yoon, S. H. Choi, H.
K. Kang, C. W. Yang, and Y. H. Lee, Adv. Mater., 2003,
15: 1172

. J. Sha, J. Niu, X. Ma, J. Xu, X. Zhang, Q. Yang, and D.
Yang, Adv. Mater., 2002, 14:1219

. J. Hu, Y. Bando, Z. Liu, J. Zhan, and D. Golberg, Adv.
Funct. Mater., 2004, 14: 610

. G. C. Shan, M. Zhang, and W. Huang, Proceedings of

3rd IEEE International NanoElectronics Conference 2010

(INEC2010), 2010, 3: 181

A. S. Barnard and S. P. Russo, J. Phys. Chem. B, 2003,

107: 7577

S. B. Fagan, R. Mota, R. J. Baierle, G. Paiva, A. J. R. da

Silva, and A. Fazzio, J. Mol. Struct. Theochem., 2000, 539:

101

G. Seifert, Th. Kohler, K. H. Urbassek, E. Hernandez, and

Th. Frauenheim, Phys. Rev. B, 2001, 63: 193409

O. Ponomarenko, M. W. Radny, and P. V. Smith, Surface

Science, 2004, 562: 257

M. Zhang, Y. H. Kan, Q. J. Zang, Z. M. Su, and R. S.

Wang, Chem. Phys. Lett., 2003, 379: 81

M. De Crescenzi, P. Castrucci, M. Scarcelli, M. Diociauti,

P. S. Chaudhari, C. Balasubramanian, T. M. Bhave, and S.

V. Bhoraskar, Appl. Phys. Lett., 2005, 86: 231901

X. P. Yang, G. Wu, and J. M. Dong, Front. Phys. China,

2009, 4(3): 280

W. A. Harrison, Electronic Structure and the Properties of

Solids, New York: Dover, 1989

L. Yang and J. Han, Phys. Rev. Lett., 2000, 85: 154

H. Jiang, Y. Zhang, G. Yu, and J. Dong, Phys. Lett. A,

2006, 351: 308



