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Graphene/SiO,/p-GaN Diodes: An Advanced Economical
Alternative for Electrically Tunable Light Emitters

Che-Wei Chang, Wei-Chun Tan, Meng-Lin Lu, Tai-Chun Pan, Ying-Jay Yang,

and Yang-Fang Chen*

Advanced materials that combine novel functionality and ease of applica-
bility are central to the development of light-emitting diodes (LEDs), which

is of ever increasing commercial importance. Here a new metal-insulator-
semiconductor (MIS) LED structure that combines economical fabrication
with novel device properties is reported. The presented MIS-LED consists of a
graphene electrode on p-GaN substrate separated by an insulating SiO, layer.
It is found that the MIS-LED possesses a unique tunability of the electrolu-
minescence spectra depending on the bias conditions. Tunnel injection from
graphene into the p-GaN can explain the difference in luminescence spectra
under forward and reverse bias. The demonstrated MIS-LED expands the use
of graphene and also possibly allows the direct integration of light emitters

with other circuit elements.

1. Introduction

The technology of electrically generated light plays a vital role
in our daily life, including illumination, display panels and
traffic signals, and accounts to approximately 20% of the global
energy consumption. Due to their high efficiency, LEDs could
help decrease power consumption on a global scale. However,
in order to maximize their commercial impact, improvements
in the cost efficiency of LEDs are required. Group III-nitride
semiconductors have been a focus for optoelectronics devices
due to their composition dependent variable bandgap. InGaN
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based LEDs and laser diodes, for example,
can cover the spectrum from UV to vis-
ible light.’7] Although group IlI-nitrides
are well researched, there still exists dif-
ficulty in emitting different colors from a
single chip for integrated optoelectronics.
Fortunately, recent works based on GaN
and ZnO demonstrated the electrically
tunable electroluminescence (EL) from
nanostructures and semiconductor-insu-
lator-semiconductor (SIS) structures.®11
These reports have stirred up consider-
able interest in electrically tunable LEDs.
However, electrically tunable LEDs based
on metal-insulator-semiconductor (MIS)
devices have not been reported thus far.
MIS-LEDs, in contrast to conventional
LEDs and SIS-LEDs, are attractive for several reasons. First of
all, MIS-LEDs do not require complex process involving mul-
tiple-quantum-wells (MQWSs) and nanostructures. Moreover,
MIS-LEDs do not rely p-n junctions, which expand the list of
usable semiconductors to materials that cannot be easily doped.
However, MIS-LEDs require metal electrodes with high trans-
parency, which poses severe limitations.

Recently, the use of graphene as a transparent metal contact
to optoelectronic devices has been intensively investigated.[12-14
Graphene, an atomically thin film composed of a single layer
of carbon, has attracted significant attention due to its excep-
tionally electrical and optical properties.'>2% In contrast to
indium tin oxide (ITO), graphene possesses high electron and
hole mobility, high transparency and high robustness. There-
fore, graphene has been considered a promising conducting
material offering low cost and high transparency in comparison
with other frequently used conducting materials, such as Ni/
Au and ITO. Stimulated by these attractive features, we fabri-
cated MIS-LEDs using graphene layer as a metal contact on
p-GaN substrate with an insulating SiO, interlayer. The newly
designed MIS-LEDs can be easily and economically fabricated
and exhibit tunable electroluminescence spectra under forward
or reverse bias polarities at room temperature. A near band-
edge (UV) light emission is observed under forward bias and
a defect-related (orange-red) light emission is observed under
reverse bias. The underlying mechanism can be understood in
terms of carrier tunneling through the thin oxide layer in both
bias polarities, which is different from the standard p-n junction
model. Notably, the creation of MIS-LEDs can expand the prac-
tical applications of LEDs because it is capable of overcoming
the difficulty in the integration of light emitters, transistors and

wileyonlinelibrary.com 4043

dadvd T1Tind


http://doi.wiley.com/10.1002/adfm.201203035

-
™
s
[
-l
wd
=
™

4044  wileyonlinelibrary.com

memories. Our work therefore not only demonstrates a new
application of the 2D graphene crystal, but also opens up a new
class of optoelectronic devices.

2. Results and Discussion

Graphene was synthesized by chemical vapor deposition as
described previously.?!l The thickness and quality of the pre-
pared graphene can be evaluated from the Raman spectra
shown in Figure 1a. The intensity ratio between 2D and G bands
reveals that our graphene is single layer or bilayer. The homo-
geneous deposition of graphene on SiO, can be inferred from
atomic force microscopy (AFM) images as shown in the inset of
Figure la. Figure 1b shows the transmittance of the graphene
in comparison to Au thin films of different thicknesses in the
wavelength range from 400 nm to 1100 nm. In contrast to Au
thin films, the high transmittance and wide transmission range
make graphene well suited as a transparent electrode. Addition-
ally, the quality of graphene was investigated through electrical
transport measurements. For this purpose, a field-effect device
was made from graphene/SiO,/p-Si in a back-gate transistor
structure. Figure 1c shows the back-gate transfer characteristics
under a low source-drain bias (10 mV). The field-effect carrier
mobility can be extracted from the linear regimel??

Lgm
WCox Vas (1)

where L and W are the channel length and the channel width,
gm is the transconductance, C,,. is the oxide capacitance, and
Vys is the channel bias. It is found that the field-effect carrier
mobility of the CVD graphene used is about 1100 cm? v=! s71.

The graphene was used to fabricate MIS-LEDs in the config-
uration shown in Figure 2a. Here, the large-area CVD graphene
was used as a cathode and a Ni/Au contact was used as the
anode. The presence of graphene in the fabricated device was
confirmed by AFM images after processing as shown in the
inset of Figure 2a. The thickness of the SiO, tunneling barrier
was approximately 10 nm. The quality of the p-GaN substrate
was investigated by photoluminescence (PL) spectroscopy under
light excitation of 325 nm at room temperature (Figure 2b). The
PL spectrum is dominated by a blue emission peak at =415 nm
and a broadband yellow emission at =550 nm. The emission
peak at =415 nm can be attributed to the transition from the
energy level 170 meV below the conduction band originating
from interstitial Mg atoms to the energy level 250 meV above
the valence band due to acceptor impurities.??*l These doping-
related energy levels strongly depend on the carrier density, that
is, increase of the doping concentration results in the domi-
nance of blue and yellow emission in the PL spectra.?*l More-
over, it has been reported that the intensity of the blue emis-
sion is not only related to the doping concentration, but also
depends on the crystalline structure of p-GaN.?*?%! In contrast
to the blue emission, the yellow emission centered at =550 nm
could be attributed to the dislocations of atoms or native point
defects.?® Our observation that the yellow emission changes
during the ohmic contact formation step of the device fabrica-
tion process can be interpreted as annealing induced changes
in the point defect concentration of p-GaN.[?>2%],
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Figure 1. a) Raman spectrum and atomic force microscope (AFM) image
(inset) of a graphene layer transferred onto SiO,. b) Optical transmission
spectra of graphene compared to Au thin films. c) Back-gate transfer char-
acteristics of a graphene field-effect transistor.

Figure 3a shows the EL spectra of the produced MIS-LED
under forward bias with different injection currents at room
temperature. At moderate injection currents, the MIS-LEDs
exhibit mostly UV emission originating from the near-band-
edge emission. One of the most important observations of our
experiments is that the MIS devices also show EL signal under
reverse bias at low injection currents, as shown in Figure 3b. It
can be seen that, in contrast to the forward bias condition, the
orange-red emission dominates the spectra and UV emission
appears only at higher injection current under reverse bias. The
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Figure 2. a) Schematics of graphene/SiO,/p-GaN MIS-LED and AFM
image (inset) of the graphene electrode and photograph of the device. b)
Photoluminescence spectrum of p-GaN at room temperature.

photographs of the light emission from a MIS-LED under both
bias polarities are shown in the inset of Figure 3 indicating the
strong emission arising from the device at room temperature.

The observed light-emission of the MIS-LEDs cannot be
explained by the light-emitting mechanism of p-n junction
LEDs. The light emission of reverse biased p-n junctions is
commonly interpreted in terms of the recombination of carriers
created by impact ionization, which is characterized by a broad-
band emission.?”?8] Impact ionization, however, is not appli-
cable to our MIS-LED since avalanche multiplication should
be most efficient at high injection currents under reverse bias.
This prediction is in stark contrast with our experimental obser-
vation that the injection current of the MIS-LED under reverse
bias is smaller than under forward bias, as shown in Figure
3a,b. Furthermore, our MIS device structure is very different
from p-n junctions, since a thin SiO, layer was grown as a tun-
neling barrier between graphene and p-GaN. Therefore, the
light emission is expected to result from the radiative combina-
tion of carriers injected from graphene which tunnel through
the SiO, layer.

In order to understand the underlying mechanism of the
observed EL spectra under forward and reverse biases, we
examined the band structure of our device. Figure 4a shows a
schematic view of the MIS-LED band diagram under thermal
equilibrium following previous reports.?*-31 Under forward
bias (negative bias applied on graphene), shown in Figure 4b,
the bands of p-GaN near the SiO, layer are bent upward and
the Fermi level of graphene moves upward. Therefore, tunnel
injection of electrons from graphene into the conduction band
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Figure 3. a) EL spectra of graphene/SiO,/p-GaN MIS-LEDs under for-
ward bias at different injection currents at room temperature. The inset
shows a photograph of the light emission from MIS-LEDs under forward
bias. b) EL spectra of graphene/SiO,/p-GaN MIS-LEDs under reverse
bias at different injection currents at room temperature. The inset shows
a photograph of the light emission from MIS-LEDs under reverse bias.

of p-GaN occurs. Due to the insulating SiO, layer as an energy
barrier, the applied electric-field induces an accumulation layer
of holes at the p-GaN/SiO, interface. The injected electrons
recombine radiatively with the holes in the acceptor levels
of p-GaN and generate the UV emission. The weak orange-
red emission observed in Figure 3a can be understood by the
recombination of tunnel electrons from the conduction band to
holes in the deep acceptor levels.’?l The difference in the peak
position of our work (orange-red) and previous reports on deep
acceptor level recombination (yellow) could originate from dif-
ferent band alignment across the SiO, layer induced by the dif-
ferent materials used in our experiments.>?

Similarly, under reverse bias the EL spectra stem from the
injection of holes from graphene into p-GaN. In this case,
the bands of p-GaN near the SiO, are bent downward. At the
same time, the Fermi level of graphene moves downward. Due
to the insulating SiO, layer as an energy barrier, the applied
electric-field induces an inversion layer at the p-GaN/SiO,
interface and accumulation of electrons occurs, as shown in
Figure 4c. Injection of holes from graphene into the acceptor
level of p-GaN is attributed to tunneling under reverse bias. The
orange-red emission observed in Figure 3b can be understood
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Figure 4. a) Energy band diagram of graphene/SiO,/p-GaN MIS-LEDs
under thermal equilibrium. b) Energy band diagram of graphene/SiO,/p-
GaN MIS-LEDs under forward bias. c) Energy band diagram of graphene/
SiO,/p-GaN MIS-LEDs under reverse bias.

by the recombination of tunnel holes from the deep acceptor
level with electrons in the conduction band. The recombination
process of UV emission can be attributed to the transition from
the conduction band of p-GaN to the acceptor level when the
external bias is high enough.

To further confirm our proposed tunneling model, we quan-
titatively analyze the relationship between the integrated inten-
sity I of the EL spectra and the applied bias V. According to
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Figure 5. Integrated electroluminescence intensity of graphene/SiO,/p-
GaN MIS-LEDs, divided by V2, as a function of V! under reverse bias.

previous reports,***¥ within the Simmon's approximation, in
the limit of large applied bias, the dependence of I versus V can
be written as,

3heV (2)

4d,/2me¢3>

I o VZexp (—

where d is the barrier width, m, is the electron effective mass,
and ¢ is the tunnel barrier height. Figure 5 shows the inte-
grated intensity divided by V2 as a function of V! under reverse
bias, and a linear dependence is obtained. Therefore, our result
demonstrates that carrier tunneling is the dominant emission
mechanism in our MIS-LEDs.

In order to demonstrate the impact of graphene electrodes
on the performance of MIS-LEDs, we also fabricated and char-
acterized the MIS-LEDs with Au thin film electrodes. It is found
that the light emission of MIS-LED devices with Au thin film
thicker than 30 nm can hardly be detected. This result can be
easily understood by recalling the difference in transmittance
spectra between graphene and Au shown in Figure 1b. For Au
thin films with a thickness of 10 nm, the MIS-LED device is
able to generate light emission under both forward and reverse
biases as shown in Figure 6a,b, respectively. However, the light
intensity is much smaller than that of the device made with
graphene. Consequently, the excellent optical and electrical
properties and potential low cost fabrication make graphene
a superior electrode material for the creation of MIS-LED
devices.

Finally, the important role played by the SiO, tunneling bar-
rier is worth mentioning. Without the insulating layer, the EL
signal is very weak or even negligible (not shown here). This
is due to the double role of the SiO, layer to prevent the occur-
rence of leakage current and to accumulate free carriers near
the interface as shown in Figure 4. We therefore anticipate that
further optimization of the SiO, layer thickness and quality can
be used to enhance the EL intensity even more.
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Figure 6. a) Comparison of electroluminescence spectra from graphene/
SiO,/p-GaN MIS-LEDs and Au/SiO,/p-GaN MIS-LEDs under forward
bias. b) Comparison of electroluminescence spectra from graphene/
SiO,/p-GaN MIS-LEDs and Au/SiO,/p-GaN MIS-LEDs under reverse
bias.

3. Conclusion

In summary, we have developed a new MIS-LED with tunable
emission spectra when used under forward and reverse biases.
The high performance of our MIS-LED is made possible by
taking advantage of the excellent transparency and conduc-
tivity of graphene. The observed EL spectra under both forward
and reverse biases can be interpreted by the tunneling of elec-
trons and holes through the insulating layer, respectively. This
approach may aid in the development of economical alternatives
to current tunable LEDs and represents a novel application of
graphene in MIS-based optoelectronic devices. In addition, the
use of graphene as a versatile electrode could enable the inte-
gration of transistors and memory devices into the presented
MIS structures and open up a new area of research.

4. Experimental Section

Device Fabrication: p-type, Mg doped GaN with doping levels of 3 x
10" cm= was used as the substrate. First, a p-GaN wafer was rinsed
in acetone, isopropyl alcohol, and DI water. To obtain a low resistance
ohmic contact on p-GaN, Ni/Au was annealed after deposition following
previous report.l Insulating SiO, layers were deposited on p-GaN via
RF sputtering after the formation of Ni/Au ohmic contact. Graphene was
grown on copper foils at temperature of 1000 °C following a previously
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reported CVD process.2'l Polymethyl-methacrylate (PMMA) was used to
transfer and align graphene onto the p-GaN.
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