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bstract

Self-forming, vertically-aligned, ZnO moth-eye-like nanoarrays were grown by catalyst-free pulsed laser deposition on a-SiO2/Si
1 1 1) substrates. X-Ray Diffraction (XRD) and Cathodoluminescence (CL) studies indicated that nanostructures were highly c-axis
riented wurtzite ZnO with strong near band edge emission. The nanostructures were used as templates for the growth of non-polar
aN by metal organic vapor phase epitaxy. XRD, scanning electron microscopy, energy dispersive X-ray microanalysis and CL

evealed ZnO encapsulated with GaN, without evidence of ZnO back-etching. XRD showed compressive epitaxial strain in the
aN, which is conducive to stabilization of the higher indium contents required for more efficient green light emitting diode (LED)

nd photovoltaic (PV) operation. Angular-dependent specular reflection measurements showed a relative reflectance of less than
% over the wavelength range of 400–720 nm at all angles up to 60◦. The superior black-body performance of this moth-eye-like
tructure would boost LED light extraction and PV anti-reflection performance compared with existing planar or nanowire LED

nd PV morphologies. The enhancement in core conductivity, provided by the ZnO, would also improve current distribution and
ncrease the effective junction area compared with nanowire devices based solely on GaN.
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ZnO
Since the emergence of p-type gallium nitride (GaN)
in the early 1990s, there has been rapid industrial
development for optoelectronic devices based on alloys
of GaN with aluminum and indium (AlxGa1−xN and
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InxGa1−xN), which span a direct bandgap from the deep
UV to the IR, and form the basis for commercial white
(phosphor-assisted), UV and blue LEDs [1]. These alloy
systems are now projected to also provide a platform for
the development of novel multi-junction photovoltaics
(PVs) having a direct tunable bandgap with an unparal-
leled fit to the solar spectrum combined with a relatively
high carrier mobility and drift velocity. They also offer
the capacity for operation under the demanding temper-
ature and radiation requirements of concentration [2,3].
External quantum efficiencies reported up till now, how-
ever, have been rather disappointing [3,4]. This has been
attributed to a number of factors, many of which can
be addressed by nanostructuration. For instance, nano-
structures generally offer higher materials quality than
thin films on mismatched substrates, since relaxation
and the high aspect ratio reduce the impact of inter-
face issues with the substrate. The side-wall junctions
in “core–shell” nanostructure architectures (see illus-
tration below) are also an advantage in that they are
inherently non-polar. This eliminates the detrimental
band bending produced by the quantum-confined Stark
effect encountered in conventional c-axis oriented pla-
nar GaN devices. Further potential benefits are increased
junction area, lower defect density and less light trap-
ping/reflection. Nanostructuration also brings significant
new challenges, however, including issues with mak-
ing good electrical contacts and with inhomogeneous
electrical current flow through the, non-planar junction
[5].

In previous work [6,7] it was shown that pulsed laser
deposition (PLD) could be used to give self-forming
arrays of vertically aligned nanostructures on a-SiO2/Si
and sapphire substrates. In particular, moth-eye-type
nanostructures were shown to exhibit blackbody-like
properties over the whole visible spectrum [8], which
suggested that they could be used, for instance, as non-
reflective coatings on solar cells [9] or for enhanced
extraction in LEDs [10]. This paper reports on the use
of such nanostructure arrays as templates for the growth
of GaN by MOVPE.

ZnO moth-eye nanostructures were grown by PLD
on a-SiO2/Si (1 1 1) substrates, as described previously
[11]. GaN was deposited on the ZnO nanostructures
using a low pressure MOVPE T-shaped reactor [12]
with trimethylgallium (TMG) as the Ga source and
trimethylindium (TMIn) as the indium source. A com-
bination of NH3 and dimethylhydrazine (DMHY) was

used as a source of atomic nitrogen. DMHY was added
because of its’ relatively low decomposition temper-
ature, which enhanced the concentration of atomic
nitrogen in the gas phase compared to NH3 alone. This
Fig. 1. Experimental set-up used for RT specular reflection measure-
ments.

allowed GaN growth at lower initial growth temperatures
than those used in conventional MOVPE deposition and
thus avoided the back-etching of ZnO which occurs in
NH3 at temperatures over about 650 ◦C [13]. Nitrogen
was employed as a carrier gas [14] during the whole
growth process, instead of hydrogen, which can also
promote back-etching of the ZnO surface at elevated
temperatures [15]. Sample morphology was studied
using a Hitachi S4800 Field Emission-Scanning Electron
Microscope (FE-SEM). Cross-sectional samples were
prepared and imaged in a dualbeam focused ion beam
system (FEI Nova Nanolab 200). After electron beam
deposition of a protective Pt layer (∼6 ×  2 �m2) on the
GaN surface, the layer stack was milled through with
a focused beam of Ga ions. The crystal quality of the
nanostructures was investigated using high resolution X-
ray diffraction (XRD) performed in a Panalytical MRD
Pro system using Cu K� radiation. Optical properties
were studied using room temperature cathodolumines-
cence (CL) performed with a homemade system in an
SEM [16]. RT specular reflection measurements were
performed as a function of scattering angle and wave-
length (in the range 450–720 nm) with an incidence angle
fixed at 45◦, as shown in Fig. 1.

An Ocean Optics UBS4000 spectrometer and
computer-controlled rotation stages were employed. The
sample was illuminated with a collimated beam from a
tungsten/halogen lamp. The rotation stages and the spec-
tra acquisition were piloted with homemade software.

Fig. 2 shows SEM images of a ZnO/a-SiO2/Si (1 1 1)
sample before and after MOVPE growth of GaN.

In this figure, it can be seen that the nanocones thicken
and become more rounded after the GaN growth, which
is coherent with GaN having encapsulated the ZnO. The
GaN also appears to have a mottled surface compared to
the ZnO.

Fig. 3 shows a FE-SEM image of the FIB-milled

cross-section.

The sample shows distinct, continuous GaN and ZnO
layers with a smooth interface. The surface mottling of
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Fig. 2. FE-SEM images of a nano ZnO/a-SiO2/Si (1 1 1) sa
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ig. 3. An FE-SEM image of an ion-milled cross-section of the
aN/ZnO/a-SiO2/Si (1 1 1). The chemical identity of each layer was

onfirmed by Energy Dispersive X-ray (EDX) analysis.

he GaN that was apparent in Fig. 2 can also be seen. The
hickness of the GaN layer was estimated to be about
30 nm.

XRD 2θ/ω  scans revealed (0 0 0 2) oriented wurtzite
tructure for the ZnO and GaN/ZnO. Fig. 4 shows nor-
alized 2θ/ω  scans for the (0 0 0 2) peak before and after
OVPE growth of GaN.

A strong (0 0 0 2) reflection is observed before and

fter GaN growth, which suggests that the preferential
-axis orientation was maintained. The nano ZnO peak

34.20             34.30           34 .40           34 .50          0

1

0

In
te

ns
it

y 
(a

.u
.)

2 (°)

GaN/ZnO/Si
ZnO/Si

θ

ig. 4. Normalised XRD 2θ/ω scans around the (0 0 0 2) peak of the
anostructured ZnO on a-SiO2/Si (1 1 1) before and after MOVPE GaN
vergrowth.
mple before and after MOVPE overgrowth of GaN.

shows broadening on the higher-angle side, signifying
a region with a smaller c-lattice parameter. It has been
suggested that this could be due to disorder at the start of
growth creating a less dense a–b  plane at the base of the
nanocones (and thus a larger a lattice parameter) [17].
The peak broadens after the GaN growth (FWHM of
0.061◦ vs a value of 0.019◦ before GaN growth), which
is what might be expected for epitaxy of a thin layer of
GaN. The main peak position in the 2θ/ω  scans after GaN
growth has a c-lattice parameter of 5.204 Å, as compared
to the value of 5.203 Å for the ZnO prior to GaN growth.
This is very close to the equilibrium value expected for
wurtzite ZnO (5.206 Å) and significantly higher than the
equilibrium value of 5.186 Å, for wurtzite GaN which
we observe typically for planar GaN layers grown on
ZnO thin film templates [13]. A similar shift in the GaN
peak position has, however, been observed for certain
growth conditions of planar GaN layers on ZnO thin
film templates and attributed to compressive epitaxial
strain in the GaN layer [18]. This is, in fact, a poten-
tial advantage compared to the unstrained n-GaN core
on which the InGaN absorber is grown in conventional
GaN core–shell structures (see Fig. 5) in that the lattice
parameter offers a better match to InGaN with the higher
indium contents required for both the quantum wells of
green LEDs and the absorber layer of solar cells.

XRD ω  rocking curves around the (0 0 0 2) peak
revealed a FWHM that increased from 0.85◦ to 1.07◦
after GaN growth. In a recent study of ZnO nanostruc-
ture arrays, the authors reported that the absolute values
of the ω  rocking curve corresponded closely to the dis-
persion in the physical orientation of the nanostructures
about the normal to the substrate surface [19].
Fig. 6 shows the RT CL spectra for the sample lumi-
nescence before and after GaN growth.

Both spectra exhibit an ultraviolet (UV) band (at
around 380–382 nm), which is characteristic of Near
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owire p
Fig. 5. Illustrations of (a) a conventional core–shell InGaN-based nan
a ZnO core.

Band Edge (NBE) emission from wurtzite ZnO [20].
The CL spectrum for the ZnO nanocones has a high
intensity ratio between the NBE and green deep level
emission band, which indicates that the nanostructures
had particularly good crystal quality. After GaN growth,
a pronounced yellow/green band appeared (peaked at
about 540 nm). A comparable band was observed in pre-
vious studies of GaN films grown on 2D ZnO buffer
layers and it was suggested that it could be associated
with defects in the wurtzite GaN structure [21]. Similar,
yellow/green emission has also been linked to surface
related defects in GaN nanostructures.

Fig. 7 shows the results of reflection measurements
for (a) the a-SiO2/Si (1 1 1) substrate and (b) the moth-
eye GaN/ZnO/a-SiO2/Si (1 1 1), with intensity expressed
relative to the maximum reflectance for the Si (1 1 1)
substrate. The plots show that the reflectance from the
moth-eye nanostructures is less than 1% of that for a
bare substrate over the whole visible wavelength range
of 400–720 nm and at all scattering angles up to 60◦.
Fig. 7 also reveals a diffuse signal of ∼0.4% for the
nanostructured surface, which is suppressed for wave-
lengths under ∼550 nm. This transition corresponds to

the luminescence cut-off observed in the CL studies and
is coherent, therefore, with a diffuse signal originating
from PL of the GaN rather than light scattering. The
general absence of significant diffuse scattering in the

Fig. 6. CL spectra for a sample of moth-eye ZnO/a-SiO2/Si (1 1
–n junction (b) the novel InGaN-based p–n junction architecture with

sub-500 nm range (<0.4% total reflection) is also coher-
ent with the sub-visible scale of the nanostructures acting
as a graded effective refractive index at the air interface,
as suggested in previous studies on the reflectance of
ZnO moth-eye nanostructure arrays. This excellent anti-
reflection performance appears to be enhanced by the
tapering form, the strong alignment and the randomized
nanocone heights, which all act to smooth the transition
in refractive index and eliminate diffuse scattering.

Adoption of such a ZnO core in the nanostructure
also offers a potential solution to inhomogeneous current
flow issues because, unlike GaN, ZnO can be degener-
ately doped and highly conductive (indeed, it is currently
displacing indium tin oxide as a transparent electrode in
many industrial applications [22]). Such an enhancement
in core conductivity would significantly improve current
distribution and increase the effective junction area, as
illustrated in Fig. 8.

In conclusion, self-forming, vertically-aligned, arrays
of moth-eye-like ZnO nanocones grown by PLD were
adopted as templates for the overgrowth of non-polar
GaN by MOVPE. XRD, SEM, EDX and CL revealed that
the ZnO was encapsulated with GaN, without evidence

of ZnO back-etching. A shift in XRD (0 0 0 2) peak for
GaN was attributed to compressive epitaxial strain in
the GaN. This provides a better lattice parameter match
to InGaN with higher indium contents and can thus act

 1) (a) before and (b) after growth of GaN by MOVPE.
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Fig. 7. Optical reflectance as a function of scattering angle and wavelength for (a) the a-SiO2/Si (1 1 1) substrate and (b) the moth-eye GaN/ZnO/a-
SiO /Si (1 1 1) (with the incident beam held at a fixed incidence angle of 45 degrees from the normal to the sample surface).
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o promote enhanced absorption in solar cells [22] or
ombat the LED “green gap” [23].

Since ZnO nanostructures can be grown more readily
han GaN on nearly all substrates [24], such an approach
ould also facilitate growth of GaN based nanostructures,
hin films and devices on mismatched and/or techno-
ogically important substrates, which may have been
naccessible till present.

Angular-dependent specular reflection measurements
ndicated that the GaN/ZnO nanostructures were remark-
bly black-body-like with less than 1% of the reflectance
or a bare substrate over the whole visible wavelength

ange of 400–720 nm and at all scattering angles up to
0◦. Such characteristics would boost LED light extrac-
ion and PV anti-reflection performance compared with
xisting planar and nanowire morphologies.
Finally, the adoption of a transparent and conductive
GaN-shell/ZnO-core configuration offers the perspec-
tive of more efficient nanostructured devices due to a
more homogeneous current distribution and an increased
effective junction area.

Overall, improved PV and LED performance can be
expected (particularly in the green part of the spectrum)
compared with existing GaN-based device architectures.
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Fig. 8. Illustrations of (a) inhomogeneous current flow (in orange)
for the n-type GaN layer in a conventional core–shell InGaN-based
nanowire p–n junction (b) improved current distribution and increased
effective junction area in the novel GaN-based p–n junction architec-
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