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ABSTRACT The electronic properties of semiconductor (SiC, GaN, BN, Zn0, ZnS, and CdS) nanowires and
nanotubes were investigated using first-principles calculations based on density functional theory and generalized
gradient approximation. Different size or surface-to-volume ratio dependences were found for the I1—VI (Zn0,
InS, and CdS) and IV—IV (SiC) and 111 —V (GaN and BN) nanostructures. For SiC, GaN, and BN nanostructures, the
band gap decreases with the increase of the surface-to-volume ratio or the reduction of the diameter, while for
In0, ZnS, and CdS nanostructures, the band gap increases with the increase of surface-to-volume ratio or the
reduction of the diameter. The mechanism is attributed to the competition between the interaction from dangling
p-like and o states and the quantum confinement effect.
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ne-dimension (1-D) nanostruc-

tures such as nanowires and nano-

tubes have been proposed as im-
portant components of electronic and opto-
electronic nanodevices' ~© and are ex-
pected to play an integral part in the de-
sign and construction of these devices.
Among these nanostructures, compound
semiconductor nanowires and nanotubes
are attracting more and more attention due
to their great potential applications in nan-
odevices. Experimentally, compound semi-
conductor nanowires/nanotubes, such as
GaN, ZnO, and BN, have been synthesized
using different methods.' ¢ A fundamen-
tal understanding of the 1-D semiconduc-
tor nanostructures is crucial for their appli-
cations in nanodevices. Theoretically, most
works have been focused on single-walled
semiconductor nanotubes such as BN,
BC,N, GaN, SiC, and AIN.”~"" Only recently
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phyfyp@nus.edu.sg. pound nanowires. Xu et dl. reported atomic
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and accepted October 27, 2008. alistic GaN nanotubes;'* Wang et al. calcu-
Published onfine Novembar 8, 2008, lated the magnetic property of Mn-doped
10.1021/nn8004872 CCC: $40.75 GaN nanowires based on first-principles,'?

and Akiyama et al. studied the structural sta-
© 2008 American Chemical Society bility and electronic structures of InP
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nanowires, also using first-principles
method.' Recent studies on CdS, CdSe,
[111] zinc-blende SiC (B-SiC), and ZnO
nanowires showed that their band gaps in-
crease with the reduction of their
diameters.'> '® However, despite these
studies, the mechanism that leads to differ-
ent electronic and optical properties of
these nanostrucutres from the correspond-
ing bulk materials remains unclear. There
have not been many theoretical studies
mainly because of the complicated struc-
tures of these 1-D nanostructures, com-
pared to those of single-walled nanotubes.
In this study, we present electronic struc-
tures of some isolated 1-D semiconductor
nanostructures and investigate the size ef-
fects on the structural and electronic prop-
erties based on first-principles calculations.
The results demonstrate that the size effects
on the structural and electronic properties
are different for different compound semi-
conductor 1-D nanostructures.

RESULTS AND DISCUSSION

The nanowires and nanotubes have hex-
agonal cross sections, which were usually
observed in experiments. The initial struc-
tures were obtained from the correspond-
ing bulk wurtzite structure. To investigate
the dependence of electronic structures of
the nanostructures on their size and shape,
four structures of different sizes and shapes,
as shown in Figure 1a, were considered for
each material. For convenience, they are re-
ferred as structures n1, n2, n3, and n4 in
the following discussion. Here n1, n2, and
n3 are nanowires of increasing diameters,
while n4 is a nanotube (hollow wire).

All structures were fully optimized. The
surface passivation was not considered in
our calculations as it was in
literature'>'>1%19 because these nano-
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Figure 1. Top view of atomic configuration of wurtzite nanostructures (n1—n4) before (a) and after (b) optimization and
the geometry of BN nanotube (BN—n4) after optimization (c).

structures were often synthesized at high temperature.
For SiC, GaN, ZnO, ZnS, and CdS nanostructures, there
were no significant changes in the structures after the
geometry optimization (Figure 1b), except relaxation of
some surface atoms. Most of the surface atoms were
found to relax inward, but the degrees of relaxation are
different for different atoms. For example, the inward
relaxation of the surface Si atoms is much more signifi-
cant than that of C atoms for the SiC nanowire. The sur-
face atom relaxation leads to about 5% contraction of
the bond along the [0001] direction and approximately
2% contraction in other surface bonds. The relaxation
also results in deviations of the bonding angles from
the tetrahedral bonding angle in bulk semiconductors.
For example, the C—Si—C and Si—C—Si angles in the
relaxed SiC—n2 became 114.8 and 104.2°, respectively.
Similarly, geometric optimization resulted in little
changes in the structures of the BN nanowires (n1—n3).
However, the structure of the BN nanotube (BN—n4)
changed significantly after geometric optimization.
BN—n4 (Figure 1c) became a double-walled nanotube
after the geometric optimization, similar to that ob-
served in experiments.? It consists of an inner zigzag
single-walled BN nanotube (SWBNNT) (9,0) and an outer
SWBNNT (15,0). The interwall distance is about
2.89 A, which is similar to the reported distance.”’
The formation of a double-walled BN nanotube is
attributed to the stable sp? hybridization, which is
lower in energy than sp* hybridization for BN,
and the formation of the 7 states leads to destruc-
tion of the sp® hybridization and the formation of
the double-walled nanotube. The results of our
calculation indicate that single-walled BN nano-
tubes are stable, which had been produced ex-
perimentally.??

Figure 2 shows the band structures of the SiC
1-D nanostructures. The smallest nanowire
(SiC—n1) is metallic due to contribution of the m
bonding (Figure 2a) which leads to the top va- SiC
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lence energy level and bottom conduction energy level
crossing the Fermi level. The larger SiC nanowires ex-
hibit an indirect band gap which is similar to that of
bulk w-SiC (Figure 2b,c2). The valence band top is lo-
cated at I" point and the conduction band bottom at
~2/3 along I'Z. The band gaps are 1.63 and 1.66 eV for
SiC—n2 and SiC—n3 within GGA, respectively, which
are smaller than the calculated value of bulk w-SiC.**
Figure 2d shows the band structure of the SiC nano-
tube (SiC—n4). The indirect band gap is 0.87 eV with the
valence band top at I" and the conduction band bot-
tom at Z. Electron density analysis indicates that the top
valence band of the SiC nanowires consists of the p-like
dangling bonds of surface carbon atoms and o bond-
ing states of interior carbon atoms (Figure 3a,b), and the
bottom conduction band is ascribed to the p-like dan-
gling bonds at the surface of the nanowire (Figure 3c,d).
The interaction among these states is responsible for
the dispersion of the lowest conduction band and the
highest valence band (Figure 2). It is noted that the
band gap decreases with the increase of the surface-to-
volume ratio (Table 2), and the band gap of the SiC nan-
otube is much smaller than those of nanowires. The rea-
son could be the interaction between the p-like orbitals
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—n2, (c) SiC—n3, and (d) SiC—n4.
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Figure 2. Calculated band structures for SiC nanostructures (a) SiC—n1, (b)
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Figure 3. Calculated electron densities for (a) SiC—n2 valence top, (b) the contour presentation of the valence top, (c) SiC—n2
conduction bottom, and (d) the contour presentation of the conduction bottom.

and o states which shifts the o and p bands to lower
and higher energies, respectively, and the effect is more
apparent in the SiC—n4. The repulsion between ¢ and
p states leads to the reduction of band gap in small
nanowires. It should be noticed that our results on
[0001] wurtzite SiC nanostructure contrast that on [111]
hydrogen-saturated B-SiC nanowires.'® The reason is
attributed to the surface states and coupling between
the p-like orbitals and o states in our SiC systems, while
the quantum confinement effect was dominant in [111]
-SiC nanowires due to hydrogen termination on the
surface.'® The Si and C atoms in the SiC nanowires and
nanotubes are sp>-hybirdized, resulting in a dangling
sp® bond on each surface atom. These dangling sp>
bonds are responsible for the surface states of the SiC
nanostructures. The surface states are removed from
the band gap of SiC nanostructures, when the sp®
bonds are passivated by hydrogen atom. Therefore,
the band gap of hygrogenated SiC nanowires decreases
with the increase of wire radius due to the quantum
confinement effect.

All GaN 1-D nanostructures considered in the study
exhibit a direct band gap which increases with the re-
duction of the surface-to-volume ratio or the increase of
the diameter (Table 1). The calculated band gaps are
1.26 eV for GaN—n1, 1.61 eV for GaN—n2, 1.81 eV for
GaN—n3, and 1.73 eV for GaN—n4 within GGA. Similar
to SiC 1-D nanostructures, this can be attributed to the
interaction between the p-like orbitals and o states.

The smallest BN nanowire (BN—n1) has a direct band
gap of 1.33 eV at I" point, which is consistent with that
of small radius BN nanotubes.®* The band structures of
larger BN nanowires (BN—n2 and BN—n3) show indirect
band gap, similar to bulk w-BN. The valence band top
is located at I" point and the conduction band bottom
at 3/5 along I'Z. The band gap increases from 3.96 eV

TABLE 1. Calculated Band Gaps of the Wurtzite
Semiconductor and Their Corresponding Nanostructures

bulk (eV) n1(eV) n2 (eV) n3 (eV) n4 (eV)
SiC 2.41(id) metallic 1.63(id) 1.66(id) 0.87(id)
GaN 1.94(d) 1.26(d) 1.61(d) 1.81(d) 1.73(d)
BN 5.73(id) 1.33(d) 3.96(id) 4.06(id) 2.68(d)
In0 0.82(d) 2.09(d) 1.56(d) 1.17(d) 1.47(d)
InS 2.14(d) 2.80(d) 2.76(d) 2.46(d) 2.57(d)
s 1.34(d) 2.42(d) 1.95(d) 1.49(d) 1.72(d)
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for BN—n2 to 4.06 eV for BN—n3 with the reduction of
the surface-to-volume ratio. Not like SiC—n4, BN—n4
becomes a double-walled nanotube after geometric
optimization. It can be expected that its electronic
properties are similar to those of multiwalled BN nano-
tubes (MWBNNTSs).2' BN—n4 is a direct band semicon-
ductor with a band gap of 2.68 eV, which is smaller than
those of the inner SWBNNT (9,0) (3.62 eV) and outer
SWBNNT (15,0) (4.31 eV).?* The possible reason is the
hybridization between the 7 and o state of each tube.
The valence band top is the m-like state of the outer
tube, whereas the conduction band bottom is the m*
state of the inner tube. The hybridization induces shifts
of the bands and leads to the reduction of the band
gap in MWBNNTSs.?* For other BN nanostructures
(BN—n2 and BN—n3), the band gap increases with the
reduction of the surface-to-volume ratio are due to the
interaction between the p-like orbitals and o states,
which is similar to the situation of the SiC 1-D
nanostructure.

Band structures shown in Figure 4 indicate that
ZnO nanostructures retain the direct band gap prop-
erty of bulk w-ZnO. The calculated band gaps are 2.09
eV for ZnO—n1, 1.56 eV for ZnO—n2, and 1.17 eV for
ZnO—n3 within GGA (Table 1), while that of ZnO nano-
tube (ZnO—n4) is 1.47 eV (Figure 4). Our calculations
show that the band gap increases with the increase of
the surface-to-volume ratio or the reduction of the di-
ameter (Table 2), which is consistent with the theoreti-
cal and experimental result."®2® Electron density analy-
sis indicates that p-like dangling bond states of O atoms
at the surface of the nanowires mainly contribute to
the top valence band in ZnO 1-D nanostructures (Fig-
ure 5a,b). These p-like states interact with each other,
resulting in the dispersion of the corresponding energy
level as shown in Figure 4. Similar situations were ob-

TABLE 2. Value of Surface-to-Volume Ratio of the
Semiconductor Nanostructures

nl n2 n3 n4
SiC — 0.434 0.260 0.651
GaN — 0.418 0.251 0.627
BN — 0.526 0315 0.789
In0 — 0.410 0.246 0.626
InS — 0.350 0.210 0.525
s — 0.322 0.193 0.483
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tained for ZnS and CdS nanostructures, where
the increase of the surface-to-volume ratio or the
reduction of the diameter leads to an increase of
the band gap (Table 1). For CdS nanostructures,
our results are consistent with those in ref 15. The
trend of band gap with the surface-to-volume ra-
tio or diameter in ZnO, ZnS, and CdS is opposite to
that in SiC, GaN, and BN 1-D nanostructures but
similar to  Si*® and  ZnSe nano-
wires.?” The quantum confinement theory is ac-
cepted for the band gap expansion of a nanomet-
ric semiconductor. The confinement effect on the
band gap (E;) of a nanosolid is expressed as a
function of particle size (R):*®

2 2
L 2h* _1.786e

2 eR

E<(R) = E(bulk)
e ¢ ZMR r

+0.284E, (1)

where . and €, are the effective dielectric constant
and effective mass, respectively, which describe the ef-
fect of the homogeneous medium in the quantum box.
Eg is the Rydberg (spatial correlation) energy for bulk
semiconductor.

According to the quantum confinement theory,
electrons in the conduction band and holes in the va-
lence band are confined spatially by the potential bar-
rier of the surface or trapped by a monopotential well of
the quantum box. Because of the confinement of both
electrons and holes, the optical transition energy from
the valence top to the conduction bottom increases.
From the electron density analysis (Figure 5), the inter-
action between the p-like orbitals and o states cannot
be observed from the electron density analysis. These
p-like states result in the separation of the energy lev-
els, which is responsible for the quantum confinement
effect. Therefore, the possible mechanism for the ex-
pansion of the band gap in lI—VI nanostructures is at-
tributed to the quantum confinement effect, which re-
sults in the increase of band gap with the increase of
the surface-to-volume ratio or the reduction of the di-
ameter, because the interaction between the p orbitals
and ¢ states effect can be neglected in these II—VI
nanostructures.

CONCLUSION

In summary, the effects of size and surface-to-
volume ratio on the electronic properties of wurtzite
semiconductor nanowires and nanotubes were investi-

METHODS

First-principles method based on the density functional
theory (DFT)? and the generalized gradient approximation
(GGA)*° are used to investigate the structural and electronic
properties of 1-D semiconductor nanostructures. In our study,
we used the plane-wave basis DFT pseudopotential method and
the CASTEP code.?' The ionic potentials were described by ultra-
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Figure 5. Calculated electron densities for (a) ZnO—n2 va-
lence top and (b) the contour presentation of the valence
top.

gated by first-principles method. The calculations dem-
onstrated that only for BN—n4 can the double-walled
BN nanotube be formed after geometry optimization,
indicating that single-walled BN nanotubes are easier to
be produced experimentally than other semiconductor
single-walled nanotubes. The trend of band gap with
the size or surface-to-volume ratio is attributed to the
interaction between the p-like orbitals and o states or
quantum confinement effect. For SiC, GaN, and BN
nanostructures, the interaction between the p-like or-
bitals and o states is dominant, which leads to the de-
crease of the band gap with the increase of the surface-
to-volume ratio or the reduction of the diameter. For
ZnO, ZnS, and CdS nanostructures, the quantum con-
finement effect is dominant and results in the increase
of the band gap with the increase of the surface-to-
volume ratio or the reduction of the diameter. Although
the well-known fact that DFT/GGA underestimates the
band gap of semiconductors, the dependence of the
electronic properties of semiconductor nanostructures
on their size and surface-to-volume ratio is valid.

soft pseudopotentials proposed by Vanderbilt.>? The completely
filled semicore Zn and Cd 3d electrons are treated the same as
the other valence states. The Monkhorst and Pack scheme of k
point sampling was used for integration over the first Brillouin
zone.>® An energy cutoff of 400 eV and 10 k points along the axis
of the tube in the reciprocal space were used in our calculation.
Good convergence was obtained with these parameters, and the

Figure 4. Calculated band structures for ZnO nanostructures (a) ZnO—n1, (b)
Zn0—n2, (c) ZnO—n3, and (d) ZnO—n4.
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total energy was converged to 2.0 X 10> eV/atom. A large su-
percell dimension with a wall-to-wall distance of 10 A in the
plane perpendicular to the tube axis was used to avoid interac-
tion between the 1-D nanostructure and its images in neighbor-
ing cells. The unit is periodic in the direction of the nanotube/
nanowire axis along the [0001] of the wurtzite semiconductor.
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