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The authors report on the fabrication and characteristics of near ultraviolet nanorod light emitting
diodes �LEDs� composed of n-GaN/ZnO nanorod heterostructures on p-GaN substrates. The
nanorod LEDs consist of the vertically aligned n-GaN/ZnO coaxial nanorod arrays grown on a
p-GaN substrate. The LEDs demonstrated strong near ultraviolet emission at room temperature. The
nanorod LEDs were turned on a forward-bias voltage of 5 V, and exhibited a large light emitting
area. From electroluminescent spectra, dominant emission peaks were observed at 2.96 and 3.24 eV
for an applied current of 2 mA. The origins of the strong and large area light emission are also
discussed in terms of enhanced carrier injection from n-GaN nanostructures to p-GaN substrates.
© 2007 American Institute of Physics. �DOI: 10.1063/1.2786852�

One-dimensional nanorod heterostructures which show
compositional modulations along either the axial1,2 or
radial3–5 direction offer the opportunity to design numerous
novel structures for optoelectronic device applications. For
example, embedding quantum structures in a single nanorod
can confine both carriers and emitted photons efficiently in
the nanorod as well as can tune the wavelength of emitted
light.6–9 Despite the successful fabrications of the nanorod
heterostructures, nanodevice applications of the nanorod het-
erostructures have rarely been reported. Only a few studies
have been reported about the use of the heterostructures as
components of light emitting nanodevices and high electron
mobility nanotransistors7,10 and the practical use of the nano-
devices has still remained out of reach. An individual ma-
nipulation of the nanostructures for nanodevice applications
has been very difficult because of the necessary use of te-
dious and complicated e-beam lithography. In addition, only
a limited number of nanorods have been utilized for most
of nanorod device structures suggested to date, and the in-
tegration of nanorod devices is another huge obstacle.11

Meanwhile, the individual manipulation and integration of
nanostructures are not always necessary for many device ap-
plications. Even a bundle of nanorods can be more useful for
practical device applications: a bundle of homogeneous ZnO
nanorods yielded large-scale device applications including
light emitting devices12 �LEDs� and solar cells.13 Neverthe-
less, the use of nanorod heterostructures for practical device
applications has not been tried, presumably because it is very
difficult to prepare vertically aligned nanorod heterostruc-
tures on many different substrates. Here, we report on the
fabrication of vertically aligned GaN/ZnO nanorod hetero-
structures on p-GaN substrates and their ultraviolet �UV�
LED applications.

Nanorod LEDs consist of the vertically aligned
n-GaN/ZnO coaxial nanorod arrays grown on a 2-�m-thick
p-GaN layer coated on c-Al2O3; the schematic is shown in
Fig. 1�a�. At the first stage, vertically aligned ZnO nano-
needles were prepared as a core nanomaterial by using di-
ethylzinc and oxygen as the reactants.14 After the preparation

of ZnO nanoneedles, GaN layers were epitaxially grown on
the ZnO nanoneedles by using metal organic vapor phase
epitaxy in order to fabricate the coaxial nanorod heterostruc-
tures. For the heteroepitaxial growth of GaN on ZnO nano-
needles, trimethyl Ga �TMGa� and ammonia were employed
as the reactant sources and hydrogen was the carrier gas.15

Typical flow rates of TMGa and ammonia were 3.0 and
1000 SCCM �SCCM denotes standard cubic centimeter per
minute of STP�, respectively. The growth temperature was in
the range of 500–650 °C.15 Meanwhile, field-emission-gun
scanning electron microscopy �FEG-SEM� clearly reveals
the morphology of the nanoneedle arrays at each stage. As
shown in Fig. 1�b�, the ZnO nanoneedles exhibited uniform
distributions in their diameters and lengths and the number
density of nanoneedles was as high as 1010 cm−2. Figure 1�c�
exhibits the change in the morphology of nanorods after a
GaN thin layer was coated on ZnO nanoneedles: the mean
diameter of the nanorods increased from 40 to 52 nm due
to the deposition of a GaN layer for 3 min. Moreover
GaN/ZnO nanorod heterostructures in this study exhibited a
very good vertical alignment in contrast to our previous
report,15 facilitating nanorod LED fabrications. Nanorod
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FIG. 1. �Color online� �a� Schematic illustration of a GaN/ZnO coaxial
nanorod heterostructure on p-GaN. �b� FEG-SEM image of ZnO nanoneedle
arrays grown on p-GaN. ZnO nanoneedles are well aligned perpendicular
to the p-GaN surface. �c� SEM image of GaN/ZnO coaxial nanorod hetero-
structure. �d� HR-TEM image of GaN/ZnO coaxial nanorod hetero-
structures.

APPLIED PHYSICS LETTERS 91, 123109 �2007�

0003-6951/2007/91�12�/123109/3/$23.00 © 2007 American Institute of Physics91, 123109-1
Downloaded 28 Apr 2008 to 141.223.168.234. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by SNU Open Repository and Archive

https://core.ac.uk/display/300065441?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1063/1.2786852
http://dx.doi.org/10.1063/1.2786852
http://dx.doi.org/10.1063/1.2786852


LEDs were fabricated by metallization on n-GaN/ZnO co-
axial nanorod heterostructures and p-GaN. The Ohmic con-
tact on p-GaN was fabricated by evaporating Ni and Au
bilayers.12 The typical Ni and Au thicknesses were 100 and
500 Å, respectively. After the metallization of p-GaN, the
empty gaps between the individual GaN/ZnO nanorods were
filled with a solution of polyimide and nanorod tips were
exposed by a simple plasma treatment.12 For the metalliza-
tion of n-GaN/ZnO nanorods, Ti�100 Å� /Al�500 Å� bi-
layers were deposited on the nanorod tips through a shadow
mask by electron-beam evaporation, resulting in a con-
tinuous contact layer on GaN/ZnO nanorods as shown in
Fig. 1�d�. Good Ohmic contacts on both GaN/ZnO and
p-GaN were made by rapid thermal annealing at 500 °C for
1 min in N2 and O2, respectively.

Uniform coating and heteroepitaxial growth of a thin
GaN layer on ZnO nanoneedles were confirmed by high
resolution transmission electron microscopy �HR-TEM�. As
shown in Fig. 1�d�, a thin GaN layer with a 7 nm thickness
was uniformly coated on the entire surface of ZnO nanorods,
and the interface between ZnO and GaN was abrupt and
semicoherent. Meanwhile, the inset of Fig. 1�d� shows the
electron diffraction pattern of a GaN/ZnO coaxial nanorod
heterostructure obtained by fast Fourier transform. The dif-
fraction pattern is indexed as a �100� zone axis of hexagonal
wurtzite GaN and ZnO, the evidence of the heteroepitaxial
growth of GaN on ZnO nanoneedles. Indeed these results
indicate that a thin GaN layer was heteroepitaxially and uni-
formly grown on the sidewalls of the vertically aligned ZnO
nanorods, similar to the previous report on the GaN/ZnO
nanorod heterostructures grown with random directions from
the substrate.15 Since the nanorod heterostructures were
grown heteroepitaxially as well as vertically from the p-GaN
substrate, these heterostructures offer an easy way to make

good Ohmic contact on the n-type nanorod heterostructures.
Nanorod LEDs utilizing the nanorod heterostructures

clearly demonstrated strong light emission when a current of
2 mA was applied to the LED. As shown in Fig. 2�a�, the
color of the electroluminescence was blue and violet, and the
light emission was so strong that it was observed clearly with
naked eyes even under normal room illumination condition.
Compared with the previous report on EL emission from
LEDs based on n-ZnO nanorods on p-GaN,12 the light emis-
sion intensity was much stronger and the peak position was
blueshifted. In addition, the emission intensity steadily in-
creased with the current level up to 5 mA, and neither deg-
radation nor significant variation in the current and emission
intensity was observed during the continuous operation for
several days.

The color of light emission was further investigated by
measuring the electroluminescent �EL� spectrum of the na-
norod LED as shown in Fig. 2�b�. For the applied voltage of
6 V, the dominant EL emission was observed at 2.9 eV
�430 nm� and 3.24 eV �382 nm� with a weak emission peak
at 3.48 eV, different from those at 2.2, 2.8, and 3.35 eV from
the n-ZnO/ p-GaN LED.12 The suppression of the EL emis-
sion at 2.2 eV and enhancement of the blue emission by GaN
coating on ZnO nanorods imply that the carrier injection may
occur between p-type Mg-doped GaN films and n-type GaN
nanotubes rather than ZnO nanorods in the nanorod hetero-
structures.

For the further investigation of the EL emission peaks,
EL spectra from the nanorod LED were measured at various
applied current levels from −2 to 2.4 mA. As shown in
Fig. 3�a�, a very weak luminescence centered at 2.9 eV was
observed for a small forward current of 0.4 mA and a reverse

FIG. 2. �Color online� �a� Photograph of light emission from the EL device
at a bias voltage of 2 mA. The electroluminescence was strong enough to be
clearly observed with naked eyes. �b� Room temperature EL spectra of the
nanorod LED based on n-GaN/ZnO coaxial nanorods grown on p-GaN.

FIG. 3. �Color online� �a� Room temperature EL spectra of a n-GaN/ZnO
coaxial nanorod array on p-GaN heterojunction device at various applied
current levels. �b� Temperature-dependent PL spectra of GaN/ZnO coaxial
nanorods.
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current of −2 mA. However, two additional EL peaks ap-
peared at 3.24 eV �382 nm� and 3.50 eV �353 nm� as the
driving current increased to 0.8 mA. For higher current lev-
els up to 2.4 mA, all three EL peaks were commonly ob-
served with changed EL peak intensities: the EL peaks at 2.9
and 3.24 eV were dominant for current levels below and
above 1.6 mA, respectively.

As for the origins of the EL peaks, the EL emission at
2.9 eV is tentatively attributed to the transition between re-
sidual donors and Mg-associated deep acceptors in the
p-GaN film because a similar photoluminescence �PL� peak
was observed from room temperature PL spectra of p-GaN.16

The UV emission peak around 380 nm is associated with
shallow donors in the n-type GaN/ZnO nanostructures be-
cause the energy of 3.24 eV is smaller than the band-to-band
transition of either GaN or ZnO. The shallow level defects
may be formed unintentionally during the growth of GaN on
ZnO nanorods.

Carrier confinement in semiconductor heterostructures is
very useful for the fabrication of high efficiency LEDs.17

Since the thickness of GaN layers was as small as 7 nm,
carriers and excitons can be confined in the thin GaN layer.
Figure 3�b� shows PL spectra of GaN/ZnO nanorod hetero-
structures measured at various temperatures from 10 to
300 K. The PL spectra of GaN/ZnO coaxial nanorod hetero-
structures show a dominant PL peak at 3.38 eV �367 nm�
with a shoulder at 3.56 eV �348 nm�, corresponding to the
band-to-band transition of ZnO and GaN, respectively.18

However, the PL peak from GaN was slightly blueshifted by
80 meV and strongly agrees well with a simple theoretical
calculation based on a simple square well potential.19 This
result strongly supports that the blue-shift of the PL peak by
80 meV is caused from the quantum confinement effect in a
thin GaN layer with a thickness of 7 nm.

Electrical characteristics of the nanorod LEDs were also
investigated by measuring current-voltage �I-V� characteris-
tic curves on the LEDs. The I-V curves clearly exhibited
nonlinear and rectifying behavior with a turn-on voltage of
�5 V and a leakage current of �1�10−5 A at −5 V. For the
forward-bias voltage at 5 V, both current and light emission
intensity began to increase rapidly with the bias voltage, re-
sulting from electron transport involving tunneling through
the heterojunction �see Fig. 4�. The turn-on voltage in the I-V
characteristic curves is almost the same as that in the EL
characteristic, clearly indicating that EL emission process in-
volves the carrier transport through this p-n heterojunction of
GaN. Furthermore, the light emitting efficiency can be en-

hanced because of the increased carrier injection rate through
nanosized contacts at the junction interface between
n-GaN/ZnO nanostructures and a p-GaN film, similar to the
previous reports.20 Especially carriers confined in the thin
GaN layer may also contribute to enhancement of the carrier
injection from the n-GaN nanostructures to p-GaN thin
films.

In conclusion, LEDs based on GaN/ZnO coaxial nano-
rod heterostructures demonstrated a strong emission at near
UV range. The nanorod LEDs were turned on a forward-bias
voltage of 5 V, and exhibited strong emission from a large
light emitting area. From EL spectra, dominant emission
peaks were observed at 2.96 and 3.24 eV for an applied
current of 2 mA. The strong and large area light emission
at near UV may be caused by the enhanced carrier injection
from n-GaN nanostructures to p-GaN substrates due to quan-
tum confinement effect in the n-GaN nanostructures. The
fabrication method of the high efficiency nanorod LEDs
using nanorod heterostructures can simplify the LED fab-
rication process, which can reduce the cost for device fabri-
cations with a high yield of device production. More gener-
ally, coaxial nanorod heterostructures can be employed for
fabrications of many other optoelectronic devices including
solar cells.

This work was financially supported by the Korea Sci-
ence and Engineering Foundation under the National Cre-
ative Research Initiative Project �Contract No. R16-2004-
004-01001-0� of the Ministry of Science and Technology,
Korea.

1M. S. Gudiksen, L. J. Lauhon, J. Wang, D. C. Smith, and C. M. Lieber,
Nature �London� 415, 617 �2002�.

2M. T. Björk, B. J. Ohlsson, T. Sass, A. I. Persson, C. Thelander, M. H.
Magnusson, K. Deppert, L. R. Wallenberg, and L. Samuelson, Appl. Phys.
Lett. 80, 1058 �2002�.

3J. Xiang, A. Vidan, M. Tinkham, R. M. Westervelt, and C. M. Lieber, Nat.
Nanotechnol. 1, 208 �2006�.

4P. Mohan, J. Motohisa, and T. Fukui, Appl. Phys. Lett. 88, 133105 �2006�.
5H.-J. Choi, J. C. Johnson, R. He, S.-K. Lee, F. Kim, P. Pauzauskie, J.
Goldberger, R. J. Saykally, and P. Yang, J. Phys. Chem. B 107, 8721
�2003�.

6W. I. Park, S. W. Jung, Y. H. Jun, and G.-C. Yi, in Proceedings of the 26th
International Conference on the Physics of Semiconductors, Edinburgh,
UK, 2002, p. 176.

7W. I. Park, G.-C. Yi, M. Kim, and S. J. Pennycook, Adv. Mater. �Wein-
heim, Ger.� 15, 526 �2003�.

8E.-S. Jang, J. Y. Bae, J. Yoo, W. I. Park, D.-W. Kim, G.-C. Yi, T. Yatsui,
and M. Ohtsu, Appl. Phys. Lett. 88, 023102 �2006�.

9A. Kikuchi, M. Kawai, M. Tada, and K. Kishino, Jpn. J. Appl. Phys., Part
2 43, L1524 �2004�.

10J. Xiang, W. Lu, Y. Hu, Y. Wu, H. Yan, and C. M. Lieber, Nature �London�
441, 489 �2006�.

11M. Lee, J. Im, B. Y. Lee, S. Myung, J. Kang, L. Huang, Y.-K. Kwon, and
S. Hong, Nat. Nanotechnol. 1, 66 �2006�.

12W. I. Park and G.-C. Yi, Adv. Mater. �Weinheim, Ger.� 16, 87 �2004�.
13M. Law, L. E. Greene, J. C. Johnson, R. Saykally, and P. Yang, Nat. Mater.

4, 455 �2006�.
14W. I. Park, G.-C. Yi, M. Kim, and S. J. Pennycook, Adv. Mater. �Wein-

heim, Ger.� 14, 1841 �2002�.
15S. J. An, W. I. Park, and G.-C. Yi, Appl. Phys. Lett. 84, 3612 �2004�.
16M. A. Reshchikov, G.-C. Yi, and B. W. Wessels, Phys. Rev. B 59, 13176

�1999�.
17S. Nakamura and G. Fasol, The Blue Laser Diode �Springer, Berlin, 1997�.
18W. I. Park, Y. H. Jun, S. W. Jung, and G.-C. Yi, Appl. Phys. Lett. 82, 964

�2003�.
19L. E. Brus, J. Chem. Phys. 79, 5566 �1963�.
20G. D. J. Smit, S. Rogge, and T. M. Klapwijk, Appl. Phys. Lett. 81, 3852

�2002�.

FIG. 4. Integrated emission intensity of the EL spectrum and current as a
function of the applied bias voltage.
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