
Semiconductor-homojunction induction in single-crystal GaN nanostructures
under a transverse electric field: Ab initio calculations

Hulusi Yilmaz,1,2 Brad R. Weiner,1,3 and Gerardo Morell1,2

1Institute for Functional Nanomaterials, University of Puerto Rico, San Juan, Puerto Rico
2Department of Physics, University of Puerto Rico, San Juan, Puerto Rico

3Department of Chemistry, University of Puerto Rico, San Juan, Puerto Rico
�Received 28 October 2009; published 29 January 2010�

Ab initio calculations show that a transverse electric field induces a homojunction across the diameter of
initially semiconducting GaN single-crystal nanotubes �SCNTs� and nanowires �NWs�. The homojunction
arises due to the decreased energy of the electronic states in the higher potential region with respect to the
energy of those states in the lower potential region under the transverse electric field. Calculations on SCNTs
and NWs of different diameters and wall thicknesses show that the threshold electric field required for the
semiconductor-homojunction induction increases with increasing wall thickness and decreases significantly
with increasing diameter.
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GaN is an important material for the applications in high-
power/high-temperature electronics and potential blue-uv
light emitting devices.1,2 A distinct aspect of GaN is that,
apart from its low-dimensional structures—such as nano-
wires �NWs�,3–6 nanodots,7 and thin films8—it can also be
synthesized in single-crystal nanotube9–11 �SCNT� form.
These SCNTs are similar to the NWs grown in the �0001�
direction with a hexagonal cross section and �10−10� facets,
but they have an axial hexagonal hollow region. The inner
diameter of these SCNTs, synthesized in the “epitaxial cast-
ing” approach,9 ranges from 30 to 200 nm and their wall
thickness varies from 5 to 50 nm.

In this Rapid Communication, we report the feasibility of
switching the band gap of GaN SCNTs and NWs under a
transverse electric field. In device physics, the transverse
electric field resembles a gate voltage applied to a channel
through an insulating substrate. This band-gap switching
mechanism with the external electric fields may open new
areas for these nanostructures in the applications involving
electronic and optoelectronic devices. An example of such a
device is a field effect transistor based on a single-crystal
n-type GaN NW, fabricated by Huang et al.,12 who showed
that the device exhibits good switching behavior with the
modulation of conductance by more than three orders of
magnitude. There have been similar attempts,13,14 within the
same approach, to utilize single-wall carbon nanotubes
�CNTs� as switching nanodevices. However, despite the re-
cent progress,15 the separation of the semiconducting CNTs
from the simultaneously grown metallic ones is difficult. On
the other hand, GaN SCNTs and NWs have the advantage of
being synthesized purely in semiconducting phase.

Using theoretical methods, band-gap switching under the
transverse electric fields has been predicted for semiconduct-
ing CNTs,16–18 boron nitride nanotubes �BNNTs�,19,20 and
zigzag graphene nanoribbons �ZGNRs�.21–24 However, these
studies have reported a semiconductor-metal �half metal for
ZGNR� transition. The results presented here for GaN nano-
structures, on the other hand, show that the conductivity of
such nanostructures is enabled by the tunneling of electrons
through an inversion region, from the valence band of lower
potential region to the conduction band of higher potential

region under an external field. The band gaps of nanostruc-
tures on the higher and lower potential regions, however,
remain equal, similar to the well-known homojunction struc-
tures formed between two semiconductors with the same
band gap.

Figure 1 shows the cross sections of GaN NWs and
SCNTs hereby considered, which are periodic in the z axis
and have �10−10� facets directed toward vacuum space in
the x-y plane. The uniform electric field, modeled as a saw-
tooth-like potential, is in the x direction perpendicular to a
�10−10� facet, as shown with an arrow in Fig. 1. For conve-
nience, we name the nanowires as W2 and W3, as they con-
sist of two and three coaxial hexagonal layers, respectively.
Similarly, the SCNTs are named as T2r, T2R, and T3, where
T2r and T2R consist of two and T3 consists of three hexago-
nal atomic layers, and T2r has a smaller outer diameter com-
pared to T3 and T2R. The H-saturated SCNTs, which corre-
sponds to T2r and T2R, are named as T2rH and T2RH,
respectively. The calculations were done within the general-
ized gradient approximation �GGA� �Ref. 25� of density-
functional theory by using the projector augmented-wave
pseudopotentials26 and a plane-wave basis set, as imple-
mented in VASP code.27,28 We used a kinetic-energy cutoff of
400 eV and a gamma centered uniform k-point grid of
1�1�7. The fact that the plane-wave basis set describes the
wave function equally well far from the atomic centers has a
critical advantage in this type of calculations because, as the
external field approaches the threshold field, the tail of the
conduction-band wave function extends far away from the
crystal structure into the vacuum toward the higher potential
region in the simulation cell. Therefore, the conventional
atom-centered basis sets would fail to describe the delocal-
ized wave function in such cases. This behavior of the wave
function under an external electric field also requires a rela-
tively large vacuum space to be used. In our calculations the
vacuum space is about 12 Å, which was found to be suffi-
cient to avoid unwanted interactions.

We first analyze the atomic structure of GaN nanostruc-
tures with and without external field. Calculations show that,
as the thicknesses of SCNTs and NWs decrease, their lattice
constants along the periodic direction �0001� increase. The
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lattice constants of W3, W2, T3 and T2r �T2R� are calculated
to be 5.32, 5.33, 5.34, and 5.35 �5.35� Å, respectively, as
compared to the calculated bulk lattice constant �5.19 Å� in
this direction. Nonetheless, as the surface-to-volume ratio in-
creases, the average of bond distances decreases. For ex-
ample, the average bond distance of T2r is about 0.01 Å
shorter than that of T3. Under the external electric fields, on
the other hand, the average of the bond distances becomes
slightly larger, and the bonds in the lower potential regions
are somewhat longer than those in the higher potential re-
gions. For example, for T2r under the external field of

0.9 V /Å, which is the threshold field for T2r, the average
bond distances in the lower and higher potential regions are
1.971 and 1.968 Å, respectively.

Taking T2R as an example, we now examine the effects
of the transverse electric field on the electronic properties of
GaN nanostructures. Figure 2 presents the band structure and
the partial density of states �PDOS� of three- and four-
coordinated N and Ga atoms under zero and 0.42 V /Å elec-
tric fields. For unsaturated GaN nanostructures, the three-
coordinated N and Ga surface atoms introduce midgap states
at the top of the valence and below the conduction bands,
respectively. While N contribution mainly comes from p
states, Ga contribution is from p, d, and s states �in order of
their contribution�. The band gap between these midgap
states, which is about 1.45 eV for T2R, closes when the
magnitude of the external field reaches the threshold value,
i.e., 0.42 V /Å �Fig. 2�b��.

However, analyzing the PDOS of Ga and N atoms in the
higher and lower potential regions, it can be seen that �Fig.
3� the band-gap closure observed in Fig. 2�b� is not a simple
semiconductor-metal transition, but rather it is an induction
of a junction across the diameter. This junction forms as a
result of the relative reduction in energy of the electronic
states in the higher potential region with respect to the en-
ergy of those states in the lower potential region, so that the

FIG. 1. �Color� Cross-sectional view of NW �W2 and W3� and
SCNT �T2r, T2R, T3, T2rH, and T2RH� nanostructures, and their
corresponding diameters. The arrow shows the direction of applied
transverse electric field.

FIG. 2. �Color� Band structure and PDOS of three- and four-
coordinated Ga and N atoms of T2R nanotube under �a� zero and
�b� 0.42 V /Å. The red and green colors represent the PDOS of
three-and four-coordinated Ga atoms, respectively, and the blue and
dark-pink colors represent the PDOS of three- and four-coordinated
N atoms, respectively. The Fermi level �dotted line� is set to the
highest occupied state at the zero energy level.

FIG. 3. �Color� The PDOS of Ga and N atoms at �a� the high
potential region, �b� the medium potential region, and �c� the low
potential region for T2R nanotube under 0.42 V /Å. The red and
green colors represent the PDOS of three-and four-coordinated Ga
atoms, respectively, and the blue and dark-pink colors represent the
PDOS of three- and four-coordinated N atoms, respectively. The
Fermi level is shown by a dotted line. At the higher and lower
potential regions, the three-coordinated Ga and N atoms are chosen
at the outermost facets of the walls, which are perpendicular to the
external field �see Fig. 1 for the field direction�, and the four-
coordinated atoms are neighbor to these three-coordinated atoms in
the walls. Similarly, for the medium potential region, the three-
coordinated and their four-coordinated neighbor Ga and N atoms
are chosen from one of the two edges in between the higher and
lower potential regions.
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valence-band maximum �VBM� on one side is leveled to the
conduction-band minimum �CBM� on the opposite side. The
band gap of the nanostructures on the both sides, on the other
hand, remains constant, resembling a homojunction formed
at the interface of two semiconductors with the same band
gap but with different �initial� Fermi levels. In such a struc-
ture, the transport of electrons under electric field, from the
valence band of the lower potential region to the conduction
band of the higher potential region, occurs via tunneling.29,30

Consequently, under a further electric field in the axial direc-
tion, the conductivities of such nanostructures in the higher
and lower potential regions will involve electron and hole
charge carriers, respectively. Further examining the elec-
tronic density of states �DOS� in the higher and lower poten-
tial regions �Figs. 3�a� and 3�c��, and comparing to the un-
perturbed DOS �Fig. 2�a��, it can be seen that the conduction
band in the lower potential region is almost totally shifted to
the higher potential region �with the exception of surface
states�. However, the shape of the valence band on the higher
and lower potential regions remains mostly unchanged, ex-
cept that the intensity of the electronic states at the top of the
valence band of the lower potential region is somewhat in-
creased. Such variations in the local DOS under a transverse
electric field may also affect the optical properties of these
nanostructures. Although the previous ab initio calculations
on CNT �Refs. 16–18� and BNNT �Refs. 19 and 20� have
also shown the localization of highest occupied molecular
orbital and lowest unoccupied molecular orbital states at the
lower and higher potential regions, they have concluded the
emergence of a semiconductor-metal transition under a trans-
verse electric field. Therefore, the results presented hereby
provide a better understanding of the electronic properties of
semiconducting nanostructures, in general, under an external
electric field.

To analyze the dependence of the threshold electric field
on the diameter and the wall thickness, in Fig. 4 we plot the
band gap of the nanostructures as a function of the electric

field. We remind that the band gaps considered here are be-
tween the VBM and CBM at the lower and higher potential
regions across the diameter, respectively. In general, under
the small electric fields the band-gap tuning rate is slow;
however, as the electric field strengths increase the band-gap
tuning shows a linear behavior with respect to the electric
field.31 This happens because initially delocalized charge
density quickly responds to the electric field and localizes in
the higher potential region. The increased kinetic energy of
this localized charge density, then, somewhat compensates
for the decrease in the potential energy in this region. Under
higher electric fields, however, as the difference between the
potential energy of the electronic states in the higher and
lower potential regions becomes larger, the contribution of
the kinetic energy becomes less important. As a result, the
band-gap reduction shows a linear dependence on the electric
field. Another feature shown in Fig. 4 is that the unperturbed
band gaps of H-saturated SCNTs �T2rH and T2RH� are much
larger than those of the corresponding unsaturated SCNTs
�T2r and T2R�. In the GGA approximation25 used here, the
band gap of wurtzite �bulk� GaN was calculated to be 1.95
eV, which is underestimated relative to the experimentally
measured band gap, i.e., 3.50 eV.32 Compared to the bulk
band gap, while the band gaps of the unsaturated GaN nano-
structures are reduced ��1.45 eV� due to midgap states cre-
ated by the surface dangling bonds, the band gaps of the
H-saturated structures are greatly enhanced ��3.4 eV� by
the strong confinement effects at these small sizes. This en-
largement in the band gap of H-saturated SCNTs was also
observed experimentally through their optical spectrum.9

In Fig. 4, the threshold electric fields are obtained by ex-
trapolating the data points to zero band gaps. As it can be
followed in the figure, for the structures of the same outer
diameter, when the wall thickness is increased the threshold
electric field also increases �shown by right directed arrows�.
On the other hand, for the structures with the same wall
thickness, when the diameter is increased the threshold field
decreases substantially �shown by left directed arrows�.
Since the threshold electric field is more sensitive to the di-
ameter than the wall thickness, it decreases even when the
diameter and the wall thickness are increased simultaneously,
i.e., from T2r to T3. Therefore, for the experimental realiza-
tion of semiconductor-homojunction induction with practical
fields, one should prefer SCNTs with small wall thicknesses
and large diameters. Taking into account the decreasing rate
of the threshold fields with the diameter, we estimate the
threshold field of 10 nm diameter unsaturated SCNTs with
two- and three-atomic layer wall thicknesses to be about
0.012 and 0.05 V /Å, respectively. These fields are already
in the experimentally accessible range. The threshold fields
of H-saturated SCNTs, on the other hand, are somewhat
larger than those of corresponding unsaturated SCNTs.

The threshold electric fields calculated here for GaN
nanostructures are comparable to those of semiconducting
CNTs �Refs. 16 and 17� obtained from density-functional
studies. However, it should be taken into account that the
band gaps hereby calculated, in the GGA approximation, are
underestimated as stated above. Therefore, the threshold
electric fields calculated here should be smaller than the ac-
tual values. For example, the band gaps and threshold fields

FIG. 4. Band gap as a function of electric field for SCNTs and
NWs. The solid and dotted lines correspond to the unsaturated and
H-saturated structures, respectively. The right and left arrows indi-
cate the increasing threshold electric field with increasing the wall
thickness, and the decreasing threshold field with increasing the
diameter, respectively. The threshold electric fields for the gap clo-
sure are estimated by extrapolating the data points to zero band gap.
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of ZGNRs, calculated within the pure density-functional
approximations,21,22,33 were shown to be much smaller than
the corresponding values calculated within the hybrid
functionals,22–24,33 such as B3LYP.34 Hybrid functionals,
which include a fraction of Hartree-Fock exchange energy,
are known to provide better band gaps compared to pure
functionals.35

For a homojunction to be formed, the potential drop in the
SCNTs and NWs must be equal or higher than their band
gaps to induce a full band bending across the nanostructures.
However, when the nanostructures contain p- or n-type im-
purities, the potential in the nanostructures and the band
bending depend on the contact type and the direction of the
applied bias through the contact interface. In this regard, for
the metal contacts only a “reverse bias” can induce a suffi-
ciently high potential to induce a full band bending. An ex-
ample of this is the Zener diode,29 for which—depending on
the bias—the CBM can be at the same level or lower than
the VBM. In the case of oxide contacts, on the other hand, a
full band bending may never take place as the charge density
at the interface, which screens the external bias, increases
rapidly for the biases above a certain threshold value. Nev-
ertheless, when the nanostructures are heavily doped with the
deep donor or acceptor impurities, under the large gate volt-

ages the energy difference between the CBM and VBM can
be as small as room temperature.

In conclusion, using density-functional theory calcula-
tions, we have studied the electronic properties of GaN
SCNTs and NWs under the transverse electric fields and
showed that the electric field induces a homojunction across
the diameter of the nanostructures. The conduction in these
nanostructures, which would be initiated by tunneling of
electrons from the valence band in the lower potential region
to the conduction band in the higher potential region under
the transverse electric fields, involves electron and hole
charge carriers in the high and low potential regions, respec-
tively. For practical applications, GaN SCNTs with large di-
ameters and small wall thicknesses should be preferred, as
they require smaller electric fields.
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