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nce in a rectifying graphene/
InGaN junction

Hak Dong Cho,a Im Taek Yoon,a Sh. U. Yuldashev,b Tae Won Kang,ab

Deuk Young Kim*ac and Jong-Kwon Lee *d

A graphene-InGaN Schottky junction has been successfully fabricated by transferring graphene layers onto

n-type In0.23Ga0.77N/GaN/Al2O3 substrates. Current–voltage (I–V) measurement across the junction

demonstrates the rectifying behaviour. Temperature dependent I–V characteristics in a range of 10 K to

300 K reveal that the charge transport mechanism is dominated by thermionic emission. Also, it is

observed that the charge-transfer induced variation of Fermi energy of graphene affects the flow of

current. This graphene/InGaN junction shows electroluminescence (EL) characteristics under a forward

bias, producing bright blue emission (430 nm) at room temperature. As the temperature increases, the

EL peak is shifted to a lower energy with a reduced peak intensity due to the increased nonradiative

recombination rate. The dependence of EL intensity on the current of the graphene/InGaN junction

confirms the band-to-band recombination mechanism in the InGaN layer by the bimolecular radiative

recombination. Therefore, the observed results provide an insight for implementing graphene based

Schottky-junction devices with tunable emission by utilizing the variable bandgap of the InGaN layer.
Introduction

Graphene, a two-dimensional hexagonal lattice of sp2 hybrid-
ized carbon atoms, shows outstanding electrical, optical,
chemical and thermomechanical properties.1–5 Thus, it has
been extensively studied for integration with the current semi-
conductor technologies to realize next-generation electronic
and photonic devices.6–10 Especially, the graphene/
semiconductor junction is one of the simplest devices in gra-
phene embedded semiconductor technology with its tunable
Schottky-barrier height. Also, the graphene/semiconductor
junction is a suitable platform for the study of interface trans-
port mechanisms, and the development of its fabrication
process is crucial to realize graphene integrated devices such as
photo-detection, high-speed communications, solar cells and
sensors. Therefore, a lot of efforts have been made to study the
graphene–semiconductor contacts such as graphene–Si, gra-
phene–GaAs and graphene–GaN for high performance light-
emitting diode (LED), photo-detector and solar cell
applications.11–16
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Indium Gallium Nitride (InGaN) ternary alloy has attracted
much attention for realizing high efficiency photonic devices
including solar cells and LEDs because its bandgap covers the
whole solar spectrum by changing its In composition.17 Also,
the InGaN material has a high absorption coefficient18 and
a good radiation tolerance.19 However, the high residual donors'
concentration and the lack of ad. hoc. acceptors20 make its p-
doing difficult. Moreover, it is difficult to fabricate high
quality p-doped InGaN layer because of the complex techno-
logical processes, as well as to realize ohmic contacts with
electrodes of various devices.

In this study, therefore, we have successfully fabricated
graphene/InGaN Schottky junction by transferring single layer
graphene onto n-doped InGaN layer. Then, the fabricated
devices were characterized by Raman spectroscopy, Hall effect
and temperature dependent I–V measurements, as well as the
current-dependent and temperature-dependent electro-
luminescence (EL) measurements. The devices show rectifying
diode behaviour with an estimated Schottky barrier energy of
�0.34 eV, producing blue emission at a wavelength of 430 nm at
room temperature. It is observed that the EL emission is related
to the band-to-band recombination mechanism in the InGaN
layer by the bimolecular radiative recombination.
Experimental section
Device fabrication

The growth of InGaN lms on the aluminium-oxide (Al2O3)
substrate was performed in a conventional low pressure metal–
RSC Adv., 2017, 7, 50853–50857 | 50853
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organic chemical-vapor deposition (MOCVD) system at a pres-
sure of 540 mbar. Puried hydrogen and nitrogen were used as
carrier gases. Silane gas was used for n-type doping. The growth
process began with heating the Al2O3 substrate in an ambient of
ammonia and hydrogen. Once a stable temperature was estab-
lished, growth of 45 nm thick gallium nitride (GaN) buffer layer
at 450 �C and 300 nm thick InGaN : Si layers at 750 �C were
performed, respectively. Then, the structure was completed
with n-InGaN/GaN/Al2O3 (0001) as shown in Fig. 1.

For the fabrication of Schottky didoes, the graphene formed
on 25-mm thick Cu foil by the CVD method was transferred onto
the n-InGaN layer by using polymethyl methacrylate (PMMA)
sacricial layer. Here the transfer process of graphene on to the
substrate is similar to that reported in the literatures.21 Then,
the PMMA was removed by acetone in an ultrasonic bath for
20 min, leaving the single layer graphene onto the n-InGaN
layer. The transferred graphene was then rinsed in a 30% HCl
solution at 60 �C for 30 min to remove residual Fe+3 ions. As
a result, the graphene layer with a low defect density was
prepared on the n-InGaN/GaN/Al2O3 substrate. Finally, we
adopted silver pastes to make an intimate contact with gra-
phene as an anode as well as a contact with n-InGaN layer as
a cathode as schematically illustrated in Fig. 1.
Device characterization

Graphene layers transferred on the InGaN/GaN/Al2O3 substrate
were identied by using micro-Raman spectroscopy with
514 nm excitation. The surface topology of InGaN layer was
probed by atomic force microscopy (AFM) in a tappingmode. Its
resistivity and doping concentration were investigated by using
a Hall effect measurement system at room temperature with
a magnetic eld of �0.5 Tesla. I–Vmeasurements were taken in
darkroom conditions using a Keithley 6430 sub fempto amp
source-meter, by changing the temperature from 10 K to 300 K.
The EL signals from the samples placed in a He closed-cycle
cryostat were detected a photomultiplier tube behind the
SPEX spectrometer equipped with a 0.75 m grating mono-
chromator. An electric bias of 5 V was applied to measure the
temperature dependence of the electroluminescence spectra of
the graphene/InGaN junction, and the EL spectra at 10 K were
characterized with varying the current density.
Fig. 1 Schematic of the fabricated device by transferring a graphene
layer on top of the In0.23Ga0.77N/GaN/Al2O3 substrate.

50854 | RSC Adv., 2017, 7, 50853–50857
Results and discussion

Fig. 2a shows the surface morphology of n-InGaN layer deposited
on the GaN/Al2O3 substrate. The measured RMS value of rough-
ness for InGaN layer is about 0.29 nm, revealing a good surface
topography. Also, the resistivity and the mobility of the n-InGaN
layer estimated by Hall effect measurement are 0.00934 ohm-cm
and 85.7 cm2 v�1 s�1, respectively. The measured doping
concentration of n-InGaN layer is 7.8 � 1018, demonstrating
heavily n-doped InGaN. The synthesized graphene layer on SiO2/
Si substrate was characterized by Raman spectroscopy as shown
in Fig. 2c. Here, the Raman spectrum for graphene clearly shows
the G (�1596 cm�1) and 2D (�2710 cm�1) bands with the
negligible D band near 1350 cm�1, which veries that the
synthesized graphene is a high quality layer. Also, a single gra-
phene layer was identied by the peak intensity ratio of the 2D
band to the G band greater than one, and the full width at half
maximum of 2D peak less than 40 cm�1. The presence of
extrinsic residual doping in a CVD graphene is attributed to
residual water vapor or oxygen in an environment.22 For our
synthesized graphene, the presence of the residual impurity
moves the Fermi-level (EF) of graphene lowering below the Dirac
point, which leads to a proper hole doping of the graphene.

Due to the difference of EF between graphene and n-doped
InGaN layer, the Schottky barrier (4B) is generated in between
Fig. 2 (a) AFM image of the In0.23Ga0.77N layer deposited on the GaN/
Al2O3 substrate. (b) Raman spectrum of the synthesis graphene
transferred on a SiO2/Si substrate.

This journal is © The Royal Society of Chemistry 2017
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them. Since the graphene and the InGaN layer adhere to each
other in an intimate van-der-Waals contact, it is expected to
pass current in the forward bias when the InGaN layer is
negatively biased, while becoming resistive in the reverse bias
when the InGaN layer is positively biased. At the forward bias
the EF in InGaN is shied up and the effective 4B decreases,
whereas at the reverse bias the EF in InGaN is shied down and
the 4B increases as illustrated in Fig. 3a. The I–V data measured
in the temperature range from 10 K to 300 K exhibit clearly
rectication behaviour as seen in Fig. 3b. As temperature
increases from 10 K to 300 K, the current level at a forward bias
of 5 V gradually increases from 97.0 mA to 180.3 mA. The recti-
fying ratio23,24 at�5 V is 7.4 at 10 K and 3.9 at 300 K, respectively.
The estimated rectifying ratio is much lower comparing with
the value of p–n junctions because the 4B is much lower than
that for p–n junction. With increasing temperature the kinetic
energy of electrons increases and the number of the carriers
which can overcome the 4B increases. The electron transport
over the 4B at the metal–semiconductor interface is described
by thermionic-emission theory with the following equations

I ¼ Io

�
exp

�
eV

hkBT

�
� 1

�
(1)

and

Io ¼ AA*T2exp

�
� e4B

kBT

�
(2)
Fig. 3 (a) Schottky-band diagrams of graphene/InGaN junction under
forward bias and reverse bias cases. (b) Current–voltage characteris-
tics of the graphene/InGaN junction measured at various temperature
ranges from 10 K to 300 K.

This journal is © The Royal Society of Chemistry 2017
where I is the current, V is the applied voltage, T is the
temperature, h is the ideality factor, Io is the saturation current,
A is the graphene–InGaN contact area, A* is Richardson
constant and kB is Boltzmann constant. By plotting log(Io/T

2) vs.
T�1 and taking A*of 21.96 for n-InGaN layer,25 we can estimate
the 4B of �0.34 eV for this graphene/InGaN junction. Since the
work function of graphene is of 4.56 eV 26 and electron affinity of
InGaN with 23% of In is about 4.2 eV,27 the 4B obtained from the
I–V characteristic is in agreement with its value given in litera-
ture. It is noted that the 4B does not change much with
temperature, while with increasing temperature the kinetic
energy of electrons increases and the thermal emission of
electrons through barrier increases. Meanwhile, since the EF of
graphene is changed during charge transfer,28,29 the 4B at high
bias levels can be varied. Especially, this variation at a high
reverse bias results in increased leakage currents because the
induced negative charge in the graphene is enough to increase
the EF of graphene.

Fig. 4a shows the EL spectra of InGaN/graphene hetero-
structure measured at different temperature ranging from 10 K
to 350 K at the electric bias of 5 V. There is a main EL peak at
around 2.84 eV (430 nm) at 300 K for the investigated Schottky-
type light-emitting devices, corresponding to the emission from
the n-In0.23Ga0.77N at In mole fraction of 0.23. Thus, it is
observed that the holes injected from graphene are effectively
recombined with the electrons accumulated in the n-InGaN
layer. Also, as the temperature increases, the EL peak position
is shied to a lower energy or longer wavelength (red-shi),
which is attributed to the bandgap lowering. Meanwhile, the
EL intensity decreases even so the current passing through the
device increases with increasing temperature at the xed
voltage bias. Here, it is noted that the radiative recombination
rate is usually assumed to be independent on temperature,
whereas the nonradiative recombination rate increases due to
thermal activation of nonradiative recombination centers. The
inset of Fig. 4a shows the photograph of InGaN/graphene device
under forward biasing. The bright blue light emission is clearly
seen with the naked eye. Fig. 4b shows the EL spectra measured
for different currents of 45, 70, 97 mA passing through the device
at 10 K. The inset of Fig. 4b shows the dependence of EL
intensity on the current in a double logarithmic scale. The slope
of this dependence is close to 2, which demonstrates the
bimolecular radiative recombination rate. Thus, this observa-
tion conrms the EL emission is related to the band-to-band
recombination mechanism in the InGaN layer.

The relationship between band gap energy and temperature
is usually described by Varshni's empirical equation30

EgðTÞ ¼ Egð0Þ � aT2

bþ T
(3)

where the Eg(0) is the energy gap at T ¼ 0, the a and b is the
Varshni's parameters. Here, the temperature dependence of the
electroluminescence peakmaximumwas tted by using Varshni's
equation (Fig. 5). The tting reveals the values of Eg(0)¼ 2.874 eV,
a¼ 3� 10�4 eV K�1 and b¼ 470 K for the used InGaNmaterial.

The emitting wavelength of this graphene/InGaN junction
device can be easily regulated by utilizing a feature of tunable
RSC Adv., 2017, 7, 50853–50857 | 50855
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Fig. 4 Electroluminescence spectra of the graphene/In0.23Ga0.77N
junction (a) at various temperatures ranging from 10 K to 350 K and (b)
at various drive current levels at 10 K.

Fig. 5 Temperature dependence of the electroluminescence peak
maximum shown by filed circles and solid curve shows the result of
fitting by using Varshni's eqn (3).
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band edge in n-InGaN depending on In concentration. For
example, while the energy gap of used InGaN with 23% of In is
of 2.84 eV at room temperature, we can utilize this graphene–
InGaN heterostructure to develop promising near-infrared nano
devices by adopting the InGaN with much higher concentration
of In. Here, the In concentration in InGaN alloy regulates its
energy gap, as much higher the In concentration the lower
energy gap of InGaN. The donor states were produced by Si
doping which is very popular donor dopant for InGaN with
small activation energy of about 17 meV, providing very high
concentration of electrons in InGaN. In addition, the hole-
doping concentration of graphene layer contacted with n-type
semiconductor layer can be tuned to build suitable 4B, as well
as to make an ohmic contact with an anode electrode. There-
fore, the suggested graphene/InGaN junction is expected to be
a promising structure to realize wavelength tuning of light–
emitting devices with a tunable 4B in a broad wavelength range,
which is a distinctive feature in comparison with other types of
graphene/semiconductor junction LEDs.
50856 | RSC Adv., 2017, 7, 50853–50857
Conclusions

We developed the graphene/InGaN Schottky-junction light-
emitting device, and demonstrated its EL characteristics with
a peak wavelength of 430 nm at room temperature. The EL peak
shi to a longer wavelength with a reduced intensity is mainly
attributed to the enhanced non-radiative recombination rate
with increasing temperature. The current-dependent EL char-
acteristics exhibited that this EL is originated from the band-to-
band recombination mechanism in the InGaN layer. The pre-
sented graphene/InGaN junction can be a promising structure
for realizing Schottky-junction based light-emitting devices with
a tunable emission peak.
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