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The highly ordered and aligned ZnO nanorod arrays were grown on p-GaN substrates via a facile
hydrothermal process assisted by the inverted self-assembled monolayer template, from which the
ZnO nanorod/p-GaN heterojunction light emitting diodes (LEDs) were fabricated. The ZnO
nanorod-based LEDs exhibit a stronger ultraviolet emission of 390 nm than the ZnO film-based
counterpart, which is attributed to the low density of interfacial defects, the improved light

extraction efficiency,

and carrier injection efficiency through the nano-sized junctions.

Furthermore, the LED with the 300nm ZnO nanorods has a better electroluminescence
performance compared with the device with the 500 nm nanorods. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4706259]

Waurtzite ZnO is regarded as one of the most promising
wide-bandgap semiconductor material for the application of
ultraviolet (UV) light emitting diodes (LEDs) and laser
diodes due to its excellent optical and electrical properties,
including a direct wide bandgap of 3.37 eV and a high exci-
ton binding energy of 60 meV. Because of the difficulty in
achieving stable and reproducible p-type ZnO films and the
similarity in the crystal structure and physical properties
with ZnO, high-quality p-GaN has been widely used to con-
struct the ZnO-based heterojunction LEDs." In general, how-
ever, a p-n heterojunction device suffers a lower carrier
injection efficiency than a homojunction structure, due to the
large band offset formed at the junction interface. This prob-
lem can be overcome by introducing ZnO nanostructure to
increase the carrier injection rate through nanojunction.?
Moreover, one-dimensional (1D) ZnO nanostructures such
as nanorods have high crystalline quality, excellent wave-
guiding properties, and simple fabrication process. There-
fore, n-ZnO nanorods/p-GaN film heterojunction LEDs have
attracted considerable attention, and many types of hetero-
junction LEDs based on 1D ZnO nanostructures and p-GaN
substrates have been investigated.”” Among these struc-
tures, the heterojunction LEDs using highly ordered and ver-
tically aligned ZnO nanorod arrays, which can bring about
improved performance of multifunctional devices and sys-
tems, are the most attractive. Compared with random-
distributed ZnO nanostructures, the ordered ZnO nanorod
arrays have a lower defect density,'” an improvement in the
light extraction efficiency of the LEDs,"' and a broadband
suppression in reflection.'? In addition, the patterned ZnO
nanostructure arrays can form a two-dimensional photonic
crystal, then one can match the wavelength of the emitted
light to the bandgap of the photonic crystal by controlling
the periodicity of the nanostructure arrays, possibly resulting
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in normal directional emission of the light.'> However, so
far, the LEDs based on the ordered ZnO nanowire/nanorod
arrays have only been achieved, assisted by electron beam li-
thography (EBL),'? which is too costly and time consuming
to be practical. As an alternative, self-assembled nanosphere
lithography (NSL), which employs self-assembled mono-
layer (SAM) colloidal crystals as the mask to create a pat-
terned seed layer or substrate to guide the growth of
nanostructures, has been proven to be a simple and cost-
effective technique for the patterning of nanostructure arrays
with long-range periodicity in a large scale.'*'

In this letter, the highly ordered and aligned ZnO nano-
rod arrays were grown on p-GaN substrates via a facile
hydrothermal process assisted by the inverted SAM template,
from which the ZnO nanorods/p-GaN heterojunction LEDs
were fabricated. Both diameter and density of ZnO nanorods
were tuned by using the polystyrene (PS) microspheres with
different sizes and varying the solution concentration during
hydrothermal growth, and the electroluminescence (EL) per-
formance of these ordered ZnO nanorod-based LEDs was
investigated. It is found that the ZnO nanorod-based LEDs
exhibit a stronger UV emission of ~390nm compared with
the ZnO film-based counterpart. This work provides a route
for developing high performance optoelectronic devices
based on ZnO nanorods.

Highly ordered and vertically aligned ZnO nanorod
arrays on the p-GaN substrates were achieved via a hydro-
thermal route by using the TiO, ring template deriving from
the PS microsphere SAM, which has been described detail-
edly in our previous report.'® Herein, the PS microspheres
with diameter of 500nm and 1 um were used to adjust the
density of ZnO nanorods. To grow the ZnO nanorod arrays
by the hydrothermal process, the aqueous solutions of
Zn(NOj), - 6H,0O and hexamethylenetetramine (HMTA)
with the identical concentration were used. The diameters of
ZnO nanorods were tuned by varying the solution concentra-
tion during hydrothermal growth instead of reactive ion

© 2012 American Institute of Physics
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etching (RIE) of PS microspheres. For the fabrication of
ZnO nanorod-based LEDs, the as-grown ZnO nanorod arrays
were spin-coated with poly(methyl methacrylate) (PMMA)
to protect the nanorods and to isolate electrical contacts on
the ZnO nanorods from the p-GaN substrate. Then, an oxy-
gen plasma etching was used to remove the PMMA coated
on the surface of ZnO nanorods and expose the nanorod tips.
Next, a 100nm indium-tin-oxide (ITO) film for current
spreading was deposited by radio-frequency (RF) magnetron
sputtering. Finally, Ni/Au contacts were thermally evapo-
rated onto the p-GaN substrates and Ti/Au contacts onto the
exposed ZnO nanorod tips. Surface morphologies of the
samples were characterized by atomic force microscopy
(AFM, NT-MDT Solver P47) and scanning electron micros-
copy (SEM, Hitachi FE-S4800). The EL measurements of
ZnO-based LEDs were carried out at room temperature (RT)
using a Hitachi F4500 fluorescence spectrophotometer. The
photoluminescence (PL) spectra were acquired by exciting
with a 325 nm He-Cd laser with a power of 30 mW at RT.
Controlling the diameter, density, and length of ZnO
nanorod array is essential for advanced photonic optical
devices.'” It has been demonstrated in our previous work'®
that the diameter of ZnO nanorods can be tuned over a wide
range by varying the time of oxygen RIE of PS micro-
spheres. However, RIE is a costly and complex process, and
moreover, the plasma may induce damage of GaN substrates
which will lead to the degradation of the electrical properties
of LEDs. So herein, the diameters of ZnO nanorods were
tuned by varying the solution concentration during hydro-
thermal growth. As shown in Figs. 1(a) and 1(b), the ZnO
nanorods with diameters of 400 and 300 nm were obtained at
50°C for 6 h with the solution concentrations of 0.075 M and
0.035M, respectively, for the 500nm PS microspheres in
use. The ZnO nanorod arrays have hexagonal periodicity and
evenly distribution inheriting from the PS microsphere
SAM, and all the ZnO nanorods are hexagonal-faceted with
uniform diameter and height. Besides, the perfect epitaxial
growth of ZnO nanorods on GaN along [0001] was con-
firmed by the x-ray diffraction (XRD) measurements.'® Tt

um  5.0kV 5.0mm x30.0k SE(M)

FIG. 1. Ordered and aligned ZnO nanorod arrays on the GaN substrates
grown at 50 °C for 6 h with the reactant concentration of (a) 0.075M and (b)
0.035M by using 500nm PS microspheres. (c) Top view and (d) 45° tilt
view of the ZnO nanorod array on the GaN substrate grown at 0.05 M, 50 °C
for 6 h by using 1 um PS microspheres.
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should be noted that a relatively high solution concentration
is essential for the growth of the individual ZnO nanorod
array due to the faster feeding of the reactant ions to the
growth sites. When the solution concentration is decreased
to 0.02M, the ZnO nanorod bundles rather than the single
nanorod from each growth site will be obtained.'® To adjust
the density of ZnO nanorods, the PS microspheres with di-
ameter of 1 yum were used, and the corresponding results are
shown in Figs. 1(c) and 1(d). As can be seen, the diameter of
Zn0O nanorods is about 500 nm at the solution concentration
of 0.05M, and the spacing between two neighboring nano-
rods is 1 um, which is predetermined by the diameter of the
PS microspheres. As a result, by varying the size of PS
microspheres and the solution concentration of hydrothermal
growth, both the diameter and the density of ZnO nanorods
have been tuned flexibly without an additional RIE process.

To guarantee the complete filling and moderate etching
of PMMA, AFM measurements of the ZnO nanorod arrays
were performed before and after filling of PMMA, as well as
after plasma etching, and the corresponding AFM images are
shown in Figs. 2(a)-2(c). Combined with the height profile
(Fig. 2(d)) of the lines drawn in Figs. 2(a)-2(c), we can
examine the process of each treatment precisely. For the as-
grown ZnO nanorod arrays, the AFM image (Fig. 2(a))
presents a distinct individual hexagon array with a measured
height of about 130nm from the height profile, which is
much lower than the actual height of the ZnO nanorods due
to the geometric configuration of the scanning probe. Typi-
cally, the scanning probe has a pyramidal shape with a
10nm tip curvature radius, and the probe size sharply
increases from the tip to the root. Therefore, for the deep
trenches in the samples, the scanning probe is partially
blocked and cannot reach down to the bottom of the
trenches. As a result, the measured height of ZnO nanorods
by AFM is much lower than the actual value. After the filling
of PMMA, the shape of individual nanorod becomes indis-
tinguishable, and the surface of the sample gets flat as shown
in the height profile, indicating that the ZnO nanorods have
been wrapped with PMMA completely. Finally, after oxygen
plasma etching for a certain time, the head parts of the nano-
rods are observed again and the height profile shows a small
fluctuation of about 20 nm, which implies that the tips of the
ZnO nanorods have been exposed while the spacing between
two neighboring nanorods is still filled with PMMA.

The ZnO nanorods/p-GaN epitaxial heterostructure was
then used to construct a LED device, and the schematic
structure of device is illustrated in the inset of Fig. 3(a). The
EL spectra for the device with the 300 nm ZnO nanorods
under various currents ranging from 2 to 10 mA are shown
in Fig. 3(a). These spectra exhibit a unique peak centered at
about 390 nm, which has been observed frequently from the
EL spectra of ZnO-based LEDs and can be attributed to the
near-band-edge (NBE) emission from ZnO."®'® For compar-
ison, a reference LED was fabricated based on a ZnO thin
film and an AIN barrier layer,20 and the corresponding EL
spectra and its schematic structure are presented in Fig. 3(b).
Obviously, the EL emission from the nanorod-based LED is
stronger than that of the ZnO film-based device at all injec-
tion currents, which can be due to the low density of the
interfacial defects and the improved -carrier injection
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FIG. 2. AFM images of (a) the ZnO nanorod array,
(b) the ZnO nanorod array after filling of PMMA
and (c) after oxygen plasma etching of PMMA, and
(d) the height profile of the lines drawn in Figs.
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efficiency through the nanosized junctions.*> Moreover, the
increase in the light extraction efficiency of nanorod-based
LEDs by virtue of the waveguiding properties of nanorods
may also be responsible for the stronger EL peak, since the
flat film-based LEDs may suffer from the low light extrac-
tion efficiency as limited by the total internal reflection.
Besides, based on an effective medium theory, these graded
refractive indices of GaN (2.49), ZnO (2.10), PMMA (1.59),
and air (1.0) can largely reduce the Fresnel reflection
between GaN/ZnO, ZnO/PMMA, and PMMA/air interfaces,
which helps the optical transmission."?

The origin of the EL emission of heterojunction diodes
was confirmed by comparing the EL and PL spectra. The PL
spectrum of the ZnO thin film on the AIN/GaN substrate, as
shown in Fig. 4(a), exhibits a dominant UV peak at 380 nm
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FIG. 3. EL spectra of (a) a ZnO nanorods/p-GaN LED and (b) a ZnO film-
based LED under various currents ranging from 2 to 10 mA. The insets
show the schematic structures of the corresponding LEDs, respectively.

0 560
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1000

along with a weak and broad visible emission band covering
the range from 500 to 650 nm. The 380nm UV emission is
due to the NBE emission of ZnO, and the visible emission
can be attributed to intrinsic defects such as oxygen vacan-
cies (Vo). *!® For the ZnO nanorod arrays on GaN substrates,
the PL spectra present a unique UV emission of 380 nm,
while the defect related visible emission cannot be almost
observed, implying the high crystal quality of the ZnO nano-
rods on GaN substrates. Figure 4(b) presents the EL spectra
of the LEDs based on ZnO nanorods with different diameters
(300 and 500 nm) at the injection current of 6 mA, together
with the EL spectrum of ZnO film-based LED at the same
current. As can be seen, the EL spectra of all the three diodes

» 300 nm
e 500 nm
4 ZnO film

(a) | (b)

Integrated EL Intensity

2 10
Current (mA)

300 nm nanorods 300 nm nanorods

PL Intensity (a. u.)
EL intensity (a. u.)

500 nm nanorods

500 nm nanorods
ZnO film ZnO film

400 500 600 700 800
Wavelength (nm)

n 1 2
400 500 600 700

Wavelength (nm)

FIG. 4. (a) PL spectra of the ZnO thin film on the p-GaN substrate and the
ZnO nanorods with different diameters. (b) EL spectra of the LEDs based on
ZnO nanorods with different diameters at the injection current of 6 mA, to-
gether with the EL spectrum of ZnO film-based LED at the same current.
The inset shows the integrated EL intensities of all the three devices as a
function of the injection current. The solid line represents the fitting result
based on the power law L = cI".
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demonstrate a dominant emission at 390 nm, which is red-
shifted by 10nm with respect to the PL spectra. This phe-
nomenon has been observed frequently for ZnO-based LEDs
and could be interpreted tentatively in the following. On the
one hand, it should be noted that there is some difference
between PL and EL processes. The PL process depends on
the recombination of nonequilibrium carriers in the surface
layer, whereas the EL process is determined via the carrier
recombination within the space charge region of heterojunc-
tion.”' On the other hand, the junction heating effect under a
constant injection current will cause band bending and lead
to the red shift of EL peak.”"”

As expected, the emission from either of the ZnO
nanorod-based diodes is stronger than that from the ZnO
film-based device. Furthermore, the LED with the 300 nm
nanorods has a better EL performance compared with the
one with 500 nm ZnO nanorods. As mentioned earlier, one
of the advantages of using the aligned nanorod array over the
thin film is the enhanced light emission by the waveguiding
effect of nanorods. An ideal single mode waveguide cavity
would be around 220 nm for the ZnO nanorods surrounded
by PMMA when the free space wavelength of the propagat-
ing light is 390 nm according to the EL peak in our experi-
ments.”> Therefore, the stronger EL emission from the
device with the 300 nm ZnO nanorods can be attributed to
their better waveguiding property, though it can be enhanced
further by choosing an optimal diameter. In addition, the
higher density of 300 nm ZnO nanorods may also contribute
to the stronger EL emission.

To clarify the mechanism of the improved EL from
nanorod-based LEDs, the integrated intensity of the EL peak
as a function of the injection current in a log-log scale for all
the three LEDs are plotted in the inset of Fig. 4(b). In agree-
ment with the spectral evolution, the results can be fitted
with the law L = cI™, where m accounts for the influence of
nonradiative defects in the characteristics of light emission.?
A linear increase of L with / (m ~ 1) can be expected as the
radiative recombination dominates. When the nonradiation
recombination becomes dominant, L shows a superline de-
pendence on I (m> 1).24 For both of the nanorod-based
LEDs, the curves show a linear dependence with m=1.04
and 1.01 for the 300 and 500 nm ZnO nanorods, respectively.
This implies a negligible role of defect-related nonradiation
recombination for the nanorod-based devices, which is in
good agreement with the PL spectra and confirms again the
high crystal quality of the ZnO nanorod arrays. However, the
value of m determined from the fitting curve of ZnO film-
based LED is 1.22, indicating the presence of nonradiative
recombination centers in the space-charge region introduced
by the interfacial defects. Since the low density of interfacial
defects is favorable for improving carrier injection efficiency
through the nanosize junctions, the ZnO nanorods/p-GaN
heterojunction LEDs present improved EL performance
compared with the ZnO film-based LEDs.

In conclusion, the ordered and aligned ZnO nanorod
arrays were grown on p-GaN substrates via a facile hydro-
thermal process assisted by the inverted PS SAM template,
and the ZnO nanorods/p-GaN epitaxial heterostructure was

Appl. Phys. Lett. 100, 171109 (2012)

used to construct a LED device. The nanorod-based LEDs
exhibit significantly improved EL performance compared
with the ZnO film-based counterpart, which is attributed to
the low density of interfacial defects, the improved light
extraction efficiency, and carrier injection efficiency through
the nanosized junctions. Furthermore, the EL performance of
the LEDs based on ZnO nanorods with different diameters
was investigated. It is found that the LED with the 300 nm
nanorods has a better EL performance than the device with
500nm ZnO nanorods. This work will be helpful to the
design of high efficiency and nanoscale UV LEDs.

This work was financially supported by the National Ba-
sic Research Program of China (Grant Nos. 2012CB934200
and 2012CB619306) and the National Natural Science Foun-
dation of China (Grant Nos. 51071145 and 60876031).
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