
2000 days), with planet occurrence varying as
df º M−0.31 T 0.2 P0.26 T 0.1 dlogM dlogP. Al-
though the details of planet formation prob-
ably differ for gas-giant and terrestrial planets,
we can speculate that if the trend of increasing
planet occurrence with longer orbital period holds
down to an Earth mass, then hEarth = 23% is an
underestimate for orbits near 1 AU. For orbits be-
yond the ice line (~2.5 AU), gravitational micro-
lensing searches find three times as many Neptunes
as Jupiters (28), suggesting that planet occur-
rence also increases with decreasing planet mass
in this domain.

The distribution of planets in the mass/orbital-
period plane (Fig. 1) reveals important clues
about planet formation and migration. Planets
with M sini = 10 to 100 MEarth and P < 20 days
are almost entirely absent. There is also an over-
density of planets starting at P < 10 days and M
sini = 4 to 10 MEarth and extending to higher
masses and longer periods. These patterns sug-
gest different formation and migration mecha-
nisms for close-in low-mass planets as compared
to massive gas-giant planets.

Population synthesis models of planet for-
mation predict an increase in planet occurrence
with decreasing planet mass (2, 29). However,
the bulk of their predicted low-mass planets re-
side near the ice line, well outside of the P < 50
days domains analyzed here. In fact, these models
predict a “planet desert” precisely in the domain
of mass and period where we detect an over-
density of planets. The desert emerges naturally in
the simulations (3, 4) from fast migration and ac-
celerating planet growth. Most planets are born
near or beyond the ice line, and those that grow to
a critical mass of several Earth masses either rap-
idly spiral inward to the host star or undergo

runaway gas accretion and become massive gas
giants. Our measurements show that population
synthesis models of planet formation are cur-
rently inadequate to explain the distribution of
low-mass planets.

The Kepler mission (30) is currently survey-
ing 156,000 faint stars for transiting planets as
small as Earth. Our power-law model predicts
that Kepler will detect a bounty of close-in small
planets: an occurrence rate of 22% for P < 50 days
andM sini = 1 to 8MEarth, corresponding to 1 to
2 Earth radii, assuming terrestrial, Earth-like
density (5.5 kg m−3). When the mission is com-
plete, we estimate (see SOM) that Kepler will have
detected the transits of 120 to 260 of these plau-
sibly terrestrial worlds orbiting the ~104 G and
K dwarfs brighter than 13th magnitude (31, 32).
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Transferable GaN Layers Grown
on ZnO-Coated Graphene Layers
for Optoelectronic Devices
Kunook Chung,1 Chul-Ho Lee,1,2 Gyu-Chul Yi1*

We fabricated transferable gallium nitride (GaN) thin films and light-emitting diodes (LEDs)
using graphene-layered sheets. Heteroepitaxial nitride thin films were grown on graphene layers by
using high-density, vertically aligned zinc oxide nanowalls as an intermediate layer. The nitride
thin films on graphene layers show excellent optical characteristics at room temperature, such as
stimulated emission. As one of the examples for device applications, LEDs that emit strong
electroluminescence emission under room illumination were fabricated. Furthermore, the
layered structure of a graphene substrate made it possible to easily transfer GaN thin films and
GaN-based LEDs onto foreign substrates such as glass, metal, or plastic.

Inorganic compound semiconductors such as
gallium arsenide (GaAs) and gallium ni-
tride (GaN) provide many advantages over

organic materials for optoelectronic device ap-
plications, including high carrier mobility and
radiative recombination rates, as well as long-term

stability and reliability (1, 2). However, prob-
lems associated with high-quality inorganic film
growth on large or flexible substrates represent
one of the major obstacles to the use of inorganic
semiconductors in foldable-display and solar-
cell applications. Previous techniques such as epi-

taxial growth and lift-off circumvent this problem
by separation of the thin film from the growth
substrates (3–6), but difficulty in separating the
film from a single-crystal substrate limits their use.
Meanwhile, the layered structure of graphene
sheets, which consist of weakly bonded layers
of hexagonally arranged carbon atoms held to-
gether by strong covalent bonds, makes it easy to
transfer the film to foreign substrates. Here, we
describe the methods to grow a high-quality, epi-
taxial GaN layer and fabricate InxGa1–xN/GaN
multi-quantum-well (MQW)–structure light-
emitting diodes (LEDs) on graphene layers. Fur-
thermore, the LEDs were transferred onto foreign
substrates, such as metal, glass, and plastic, and
exhibited strong light emission even under room
illumination.
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Because of the excellent optical and electrical
characteristics of nitride semiconductors, full-
color-spectrum nitride LEDs with high efficien-
cy and reliability and long-term stability are now
commercially available (7). Nevertheless, problems
of limited substrate size, high cost, high-resistance
ohmic contacts, and poor heat dissipation remain,
primarily because of the requirement of a sapphire
substrate for nitride film growth. Additionally,
for large-area or flexible-device applications, the
device must be fabricated on glass, plastic, or metal
substrates. However, high-quality, epitaxial nitride
films can be grown only on a lattice-matched
single-crystal substrate at a high growth tempera-
ture, above 1000°C (1); glass and plastic substrates
have no tolerance for such high temperatures and,
as amorphous materials, cannot be used for epi-
taxial growth of a crystalline film (8). For this
reason, previous techniques—most notably epi-
taxial growth and lift-off—have separated thin
films from their growth substrates to make flip-
chip devices on metal substrates (3–6). However,
difficulties in separating the films from a single-
crystal substrate arising from strong bonding
between GaN and sapphire and their high me-
chanical and chemical stability have limited the
use of such techniques. This difficulty can be re-
solved readily by using substrates composed of
graphene layers because the graphene-layer struc-
ture makes it possible to transfer the epitaxial
film grown on graphene layers to substrates such
as metal, glass, and plastic. As recently reported,
large graphene films that exhibit high-temperature
stability, optical transparency, mechanical flexi-
bility, and electrical and thermal conductivities
are now available (9, 10).

The basic strategy for epitaxial growth of
GaN on graphene layers is shown in Fig. 1 (11).
A mirror-smooth, epitaxial GaN thin film could

not be grown on pristine graphene layers, pre-
sumably because of the lack of chemical re-
activity. Although GaN nucleation would not
occur on the basal plane of pristine graphene,
GaN islands can be grown readily along the nat-
urally formed step-edges (fig. S1A). Accordingly,
the first step is to create many step-edges, which
can then act as nucleation sites. Oxygen-plasma
treatment can make graphene rough (12). Mean-
while, although the oxygen-plasma treatment in-
creased the GaN island density, GaN films were
polycrystalline, and their surfaces were rough
and irregular (fig. S1B), which is similar to the
previous report on GaN films that were grown
on graphite substrates (8). Even the typical use
of a low-temperature GaN buffer layer did not
improve the film crystallinity or morphology. Thus,
we grew high-density zinc oxide (ZnO) nanowalls
on oxygen-plasma–treated graphene layers: an
intermediate layer for GaN growth. Figure 1, C
and D, shows scanning electron microscopy
(SEM) images of high-density, epitaxial ZnO nano-
walls grown on plasma-treated graphene layers
and a GaN thin film on the nanowalls, respec-
tively. As previously reported (13), ZnO nano-
walls are grown along naturally formed graphene
step-edges, and accordingly, step-edges generated
by oxygen-plasma lead to the formation of high-
density ZnO nanowalls. Because of the same crys-
tal structure and small lattice misfits with GaN,
epitaxial GaN films grow on the nanowalls by
means of lateral overgrowth. Although the lateral
overgrowth depended on the nanowalls density
(fig. S3), the SEM image in Fig. 1D shows the
flat surface morphology. The high-density ZnO
nanowalls play a critical role in the heteroepitax-
ial growth of GaN on graphene layers.

We obtained photoluminescence (PL) spec-
tra (Fig. 2) of GaN thin films grown on graphene

layers at room temperature using a continuous-
wave helium-cadmium (He-Cd) or pulsed
neodymium-doped yttrium aluminum garnet
(Nd:YAG) laser as the optical excitation source.
At a low excitation power of 1 W/cm2 with a
He-Cd laser, the dominant PL emission peak was
at 3.40 eV, and a very weak deep-level emission
was at 2.2 eV, which correspond to near-band-
edge (NBE) emission associated with excitons and
deep levels, respectively. This strong NBE emis-
sion with the extremely low deep-level emission
indicates the high optical quality of GaN films
on graphene layers. For low excitation power with
the pulsed Nd:YAG laser [below a threshold val-
ue (Ith) of 0.6 MW/cm2], the broad NBE emis-
sion peak was still observed at 3.40 eV, which is
quite similar to that measured by using a He-Cd
laser, although a shoulder was also seen at 3.34 eV.
The integrated intensity increased linearly with
the pumping power, indicating that the observed
peak originated from the spontaneous emission.
However, for excitation power above Ith, a very
sharp and strong PL emission at 3.29 eV predom-
inated that evolved from the low-energy shoulder
of the spontaneous emission. Furthermore, the
integrated PL intensity increased superlinearly
with the pumping power, providing evidence of
the stimulated emission. The threshold pumping
power of 0.6 MW/cm2, estimated from the inset
in Fig. 2, is similar to the previously reported
values of 0.56 to 0.70 MW/cm2 for GaN thin
films on sapphire, silicon (Si), and silicon carbide
(SiC) substrates (14–16).

The heteroepitaxial growth of a high-quality
thin film on graphene layers provides a hybrid
heterostructure of a three-dimensional bulk single-
crystal and a two-dimensional molecular mate-
rial. When we use graphene layers as a substrate
for the heteroepitaxial growth, a potential major
advantage is that lattice mismatch may not be
considered seriously because the graphene layers
have weak bonding to each other. As determined
with x-ray diffractometry and transmission elec-

Fig. 1. (A) Schematic illustrations of fabrication processes for epitaxial GaN thin films. (B) Optical
microscopic image of oxygen-plasma–treated graphene layers. (C and D) SEM images of (C) ZnO
nanowalls grown on plasma-treated graphene layers and (D) GaN thin film grown on ZnO nanowalls on
plasma-treated graphene layers.

Fig. 2. Room-temperature PL spectra of GaN thin
films grown on graphene layers. The thick black
line and thin color lines represent the PL spec-
trum measured by using a continuous-wave He-Cd
laser and the power-dependent PL spectra by using
a pulsed Nd:YAG laser, respectively. (Inset) The
integrated emission intensity as a function of the
optical excitation.
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tron microscopy, GaN films grown on graphene
layers are of high crystallinity (figs. S4 and S5).
The layered graphene substrates also allow trans-
fer of the thin films onto foreign substrates and for
the graphene layers to serve as electrode materials.

Schematic diagrams of the fabrication of GaN
thin-film LEDs on graphene layers and their trans-
fer onto foreign substrates are shown in Fig. 3A.
To fabricate LED structures, a 2-mm-thick layer of
Si-doped n-GaN, three-period InxGa1–xN/GaN
MQWs, and a 350-nm-thick layer of Mg-doped
p-GaN were deposited on the flat GaN film grown
on graphene layers. For the electroluminescent
(EL) devices, the metallic graphene layers under-
neath n-GaN and nickel/gold (Ni/Au) bilayers
deposited on the top surface of p-GaN were
used as n- and p-type contacts, respectively. After
fabricating the devices, thin-film LEDs on the
graphene layers were removed mechanically from
the original substrate and transferred onto for-
eign substrates of metal, glass, and plastic.

All transferred devices emitted very strong blue
light emissions that could be seen with unaided
eyes under normal room illumination. As shown
in the optical microscopy image in Fig. 3B, the
light emission was fairly uniform over the area of

300 mm by 300 mm, presumably because of uni-
form current spreading and injection through the
metallic bottom electrode—composed of graphene
layers—used in this device geometry. Each sub-
strate in Fig. 3B has benefits for LED applica-
tions. Metal substrates provide good thermal and
electrical conductivity for high-power LEDs, where-
as a glass or plastic substrate may allow inorganic
LEDs to be fabricated as large-area, full-color LED
displays in flexible or stretchable forms. Further-
more, GaN-based epitaxial films on graphene lay-
ers may readily be used as functional components
of photovoltaic devices.

The EL characteristics of the LED transferred
onto plastic were investigated further by measur-
ing power-dependent EL spectra and optical im-
ages of emissions at room temperature. The EL
spectra and corresponding EL images of the LED
at various applied current levels are shown in
Fig. 4A. The LED light emission images and the
EL spectra show an increase of emission intensity
with the applied current levels of 5.1, 6.4, and
8.1 mA. We also observed that the dominant peak
shifted from 2.71 to 2.75 eVas the applied current
level increased from 1.7 to 8.1 mA. This blue
shift can be explained in terms of both a band-

filling effect of the localized energy states and a
screening effect by the internal polarization elec-
tric field typically observed in LEDs with GaN/
In1–xGaxN MQW structures grown on a polar
surface of GaN(0001) (17).

In addition to the EL characteristics, the elec-
trical characteristics of the transferable LEDs
were investigated by measuring their current-
voltage (I-V) characteristic curves. The I-V char-
acteristic curve of the transferred LED onto plastic
in Fig. 4B shows a good rectifying behavior with
a turn-on voltage of 4.5 V and a leakage current
of 1 × 10−5 A at –4 V, which is similar to those
of the as-fabricated LED. However, compared
with conventional GaN thin-film LEDs prepared
on sapphire substrates the turn-on voltage was
slightly higher because of energy barriers at the
junctions between the three-material system of
graphene, ZnO, and GaN.

Epitaxial nitride thin films grown on graphene
layers exhibit both the optical characteristics of
the compound semiconductor and the electrical
and mechanical characteristics of the graphene
layers. The transfer of the materials and devices
fabricated on graphene onto foreign substrates
should provide advantages in integration and
design of electronics and optoelectronic devices.
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Fig. 3. (A) Schematic illustration of the fabrication and transfer processes for thin-film LEDs grown
on graphene-layer substrates. (B) Optical images of light emissions from the as-fabricated LED on
the original substrate and transferred LEDs on the foreign metal, glass, and plastic substrates.

Fig. 4. (A) Room-temperature EL spectra of the LED transferred onto a plastic substrate. Optical mi-
croscopy images show the light emission at different applied current levels of 1.7 to 8.0 mA. (B) Current
density and integrated EL intensity as a function of the applied bias voltage of a representative LED on a
plastic substrate. The solid line and open circles correspond to the current density and integrated EL
intensity, respectively.
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