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We report the vertical growth of ZnO nanostructures on graphene layers and their
photoluminescence (PL) characteristics. ZnO nanostructures were grown vertically on the graphene
layers using catalyst-free metal-organic vapor-phase epitaxy. The surface morphology of the ZnO
nanostructures on the graphene layers depended strongly on the growth temperature. Further,
interesting growth behavior leading to the formation of aligned ZnO nanoneedles in a row and
vertically aligned nanowalls was also observed and explained in terms of enhanced nucleation on
graphene step edges and kinks. Additionally, the optical characteristics and carbon incorporation
into ZnO were investigated using variable-temperature PL spectroscopy. © 2009 American Institute

of Physics. [doi:10.1063/1.3266836]

Graphene-based hybrid nanostructures with inorganic
nanomaterials provide a link between solid-state nanostruc-
tures and two-dimensional molecular science. The growth of
semiconductor nanocrystals on graphene layers is particu-
larly interesting because nanostructures, such as nanoneedles
and nanowalls, can offer additional functionality to graphene
in advanced electronics and optoelectronics. Graphene has a
great potential for novel electronic devices based on “qua-
sirelativistic” transport behavior due to its remarkable elec-
trical and thermal properties including a carrier mobility
exceeding 10* cm?/V's and a thermal conductivity of
10> W/mK.'"™ Meanwhile, semiconductor nanoneedles
grown on graphene layers are good candidates for field emis-
sion emitters due to their sharp tips, high aspect ratio, and
high thermal and mechanical stability.s’6 Semiconductor
nanowalls that have an extremely large surface-to-volume
ratio and high porosity can also be exploited in novel elec-
trical devices, including sensitive biological and chemical
sensors and efficient energy conversion and storage
devices.”™ Accordingly, with the excellent electrical and
thermal characteristics of graphene layers, growing semicon-
ductor nanostructures on graphene layers would enable their
novel physical properties to be exploited in diverse sophisti-
cated device applications. This letter introduces the metal-
organic vapor-phase epitaxial growth of ZnO nanoneedles
and nanowalls on graphene layers.

ZnO nanostructures were grown on few-layer-graphene
(FLG) sheets using catalyst-free metal-organic vapor-phase
epitaxy (MOVPE). Before growing the ZnO nanostructures,
FLG sheets were transferred onto the SiO,/Si substrates us-
ing a simple mechanical exfoliation technique.10 Micro-
Raman spectroscopy confirmed the successful preparation of
the graphene layers and was used to determine the number of
graphene layers.]1 After preparing the graphene layers, ZnO
nanostructures were grown using MOVPE with the reactants
diethylzinc (DEZn) and oxygen. For preventing the oxida-
tion of graphene layer, we introduced DEZn flow into the
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reactor before flowing oxygen. The details of ZnO nano-
structure growth using MOVPE are reported elsewhere.’

The optical qualities of the as-grown ZnO nanostructures
on the graphene layers were investigated using photolumi-
nescence (PL) spectroscopy. The PL was measured at
17-200 K using a closed-cycle refrigeration system. Details
of the PL measurements are described elsewhere.'

The density and dimensions of the ZnO nanostructures
changed dramatically upon using FLG sheets as the growth
seed layer. As shown in Fig. 1, the morphology of the ZnO
nanostructures on the graphene layers was very different
from that in the region of the SiO,/Si substrate that was not
covered by the graphene layer. Straight ZnO nanoneedles
grew on the graphene layers with good vertical alignment,

FIG. 1. FE-SEM image of ZnO nanostructures grown on the graphene lay-
ers transferred onto the SiO,/Si substrates.

® 2009 American Institute of Physics
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FIG. 2. FE-SEM images of ZnO nanostructures grown on the graphene
layers at (a) 400, (b) 600, and (c) 750 °C.

while entangled ZnO nanowires with poor vertical alignment
grew on the SiO,/Si substrate. The ZnO nanoneedles grown
on the graphene layers at 750 °C for 1 h had a typical den-
sity of 5X 107 cm™ and a length of 3.5*0.5 um, while
ZnO nanoneedles grown on the SiO,/Si substrate under
identical growth conditions had a higher density of 5
X 10% cm™ and a longer mean length of 5.5+ 0.8 um. The
low density and short lengths of the ZnO nanoneedles on the
graphene layers resulted from the reduced ZnO nucleation on
the graphene layers presumably due to the large lattice con-
stant misfit between ZnO and graphene. Meanwhile, the ZnO
nanostructure growth behavior at the boundaries of graphene
layers was very interesting. As shown in Fig. 1(b), very
dense ZnO nanoneedles grew along the boundaries and even
became connected with each other at their bottoms to form
nanowalls. The enhanced growth of ZnO nanostructures
were previously observed upon growing ZnO nanowalls on
the GaN substrates with a SiO, mask layer. This behavior
strongly suggests that the nucleation and growth of the ZnO
nanoneedles were more active along the boundaries.

The surface morphology of the ZnO nanostructures on
the graphene layers depended strongly on the growth tem-
perature. Figure 2 shows field emission scanning electron
microscopy (FE-SEM) images of ZnO nanostructures grown
vertically on graphene lavers transferred fo the Si0,/Si sub-
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FIG. 3. FE-SEM images of ZnO nanostructures near the step edges of
graphene [(a) and (b)].

strates at 400, 600, and 750 °C for 1 h. At the lower growth
temperature of 400 °C, the ZnO nanostructures had a mean
length of 1.0*=0.1 wm and a diameter of 100 = 10 nm. The
nanostructure density was 4 X 10° cm™, which is compa-
rable to those grown on single—crystalline Si and sapphire
substrates or 1 X 10! cm™2.%" By contrast, ZnO nanostruc-
tures grown at the higher temperature of 600 °C were ta-
pered and had sharp tips, forming nanoneedle. The mean
diameter and length were 90+ 20 nm and 4.0*0.6 um,
respectively. The nanoneedle density decreased to 8
X107 cm™ due to the decreased nucleation rate with in-
creasing growth temperature. ZnO nanoneedles grown at
750 °C had a morphology similar to those grown at 600 °C,
but the nanoneedle density decreased to 5X 107 cm™2. These
results indicate that higher growth temperature generally
yielded a lower density of ZnO nanoneedles on the graphene
layers presumably due to a reduction in the ZnO nucleation
rate. It is also noted that ZnO nanostructures grown at higher
temperatures typically exhibit a higher aspect ratio (longer
length and smaller diameter) and a shaper tip. Surface diffu-
sion length of the adsorbed atoms on the sidewalls of ZnO
nanostructures may increase with growth temperature, and
adsorbed atoms can easily move to the nanostructure tips,
resulting in the formation of ZnO nanoneedles with an in-
creased aspect ratio.

The interesting surface morphologies of the ZnO nano-
structures grown on the graphene layers were further ob-
served. As shown in Fig. 3(a), ZnO nanoneedles were gen-
erally located randomly, but some of them were aligned in a
row, as indicated by a dotted line. In addition to ZnO nanon-
eedles, vertically aligned nanowalls were also formed, as de-
picted in Fig. 3(b). This growth behavior may be explaned in
terms of the enhanced growth on step edges of graphene
layers, which were formed during the process of transferring
graphene layers from graphite onto a substrate. The step
edges may serve as nucleation centers for nanoneedle growth
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FIG. 4. (Color online) Temperature-dependent PL spectra of ZnO nanostruc-
tures grown on the graphene layers.

because nucleation and crystal growth on a step edge are
favored over nucleation and growth on a terrace. Nucleation
and crystal growth are further enhanced at a kink in the step
edge. Hence, step edges with a high density of kinks may
induce the formation of aligned nanoneedles. Moreover, if
there are many kinks in a graphene step edge, the high den-
sity of ZnO nanoneedles could form a nanowall along the
step edge. The enhanced nucleation of ZnO at the step edges
of graphene layers may offer a way to control the position of
ZnO nanostructures on graphene layers if the graphene step
edges are formed artificially in a controlled manner.

The optical characteristics of the ZnO nanostructures
were investigated using variable-temperature PL spectros-
copy. Figure 4 shows a series of PL spectra of ZnO nano-
structures deposited on the graphene layers, which were
measured at temperatures of 17—-200 K. The PL spectrum at
17 K typically shows five distinct near-band-edge (NBE)
emission peaks at 3.376, 3.364, 3.360, 3.316, and 3.240 eV
with full width at half maximum (FWHM) values of
2-13 meV. The strong, sharp NBE emission indicates the
high optical quality of the ZnO nanostructures on the
graphene layers. Compared with the reported PL peak posi-
tions for ZnO nanostructures, thin films, and bulk crystals,
the dominant PL peaks observed at 3.360 and 3.364 eV are
tentatively attributed to neutral-donor bound exciton lpeaks,
and the PL peak at 3.376 to a free exciton peak (X,).'>"*"'¢
From the PL spectra, no additional exciton peak associated
with carbon impurities in carbon-doped ZnO films'’ was ob-
served at 3.356 eV. This suggests that carbon atoms in
graphene were not incorporated into the ZnO nanoneedles
during their growth. The PL characteristics of ZnO nano-
structures on graphene layers were almost the same to those
of ZnO nanostructures on single-crystalline substrates.®"
The observation of the free exciton peak, neutral-donor
bound exciton peaks, and weak deep level emission related
to defects indicates high optical quality of ZnO nanoneedles
grown on the graphene layers. The temperature-dependent
behavior of the NBE PL peaks confirms the origins of the
tentatively assigned excitonic emission pea.ks.l2 The excel-
lent optical properties may originate from the high crystal-
linity of ZnO nanoneedles since stacking faults or disloca-
tions were not observed from the transmission electron
microscopy (TEM) images of ZnO nanoneedles grown on
graphene layers (data not shown here).
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The ability to grow high-quality ZnO nanostructures on
the graphene layers should greatly increase the versatility
and power of these building blocks for nanoscale photonic
and electronic device applications. By combining the excel-
lent thermal and electrical characteristics of graphene and the
optical characteristics of ZnO nanostructures, the graphene-
ZnO hybrid nanostructures may be exploited in high-
performance optoelectronic device applications. From the
perspective of device applications, obtaining such high-
purity ZnO nanostructures on graphene is a significant ad-
vance toward device fabrication because the precise control
of conductivity via simple impurity in situ doping, ion im-
plantation, or diffusion should be easy.

In conclusion, ZnO nanostructures were grown vertically
on the graphene layers using a catalyst-free MOVPE method.
The aspect ratio and density of the nanostructures depended
strongly on the growth temperature. Furthermore, interesting
growth behavior, the formation of aligned ZnO nanoneedles
in rows and vertically aligned nanowalls, was observed, pre-
sumably resulting from the enhanced nucleation at graphene
step edges. Additionally, PL spectra of the ZnO nanostruc-
tures on the graphene layers included a free exciton PL peak
with no carbon-related defect peak, suggesting that high-
quality ZnO nanostructures were grown on the graphene lay-
ers without deterioration of the graphene layers during
MOVPE.
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