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Abstract
Recently, we have demonstrated that excitation of plasmon-polaritons in a mechanically-derived
graphene sheet on the top of a ZnO semiconductor considerably enhances its light emission
efficiency. If this scheme is also applied to device structures, it is then expected that the energy
efficiency of light-emitting diodes (LEDs) increases substantially and the commercial potential
will be enormous. Here, we report that the plasmon-induced light coupling amplifies emitted
light by ∼1.6 times in doped large-area chemical-vapor-deposition-grown graphene, which is
useful for practical applications. This coupling behavior also appears in GaN-based LEDs. With
AuCl3-doped graphene on Ga-doped ZnO films that is used as transparent conducting electrodes
for the LEDs, the average electroluminescence intensity is 1.2–1.7 times enhanced depending on
the injection current. The chemical doping of graphene may produce the inhomogeneity in
charge densities (i.e., electron/hole puddles) or roughness, which can play a role as grating
couplers, resulting in such strong plasmon-enhanced light amplification. Based on theoretical
calculations, the plasmon-coupled behavior is rigorously explained and a method of controlling
its resonance condition is proposed.
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1. Introduction

Recently, intensive studies have been done on graphene due
to its unique properties such as anomalous quantum transport
[1, 2], high carrier mobility [3], ambipolar field effect [1],

high thermal conductivity [4], tunable band gap [5], flexible/
visible transparency [6], and robust two-dimensionality [7].
Several attempts have also been made to enhance lumines-
cence properties of graphene by using techniques of oxidation
[8] and nanoscale cutting into nanoribbons/quantum
dots [9, 10].
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As a highly-efficient approach, amplification of the
spontaneous emission due to its radiative coupling with sur-
face plasmon has been demonstrated for various light-
emitting semiconductors in close proximity with a metal
surface [11, 12]. For highly-conducting graphene sheet placed
on top of ZnO, the excitation of plasmons happens close to
the wavelength where also ZnO emits its light [13]. In this
configuration, the plasmons strongly interact with light
emitted by the ZnO and act as a very efficient antenna that
enhances the extraction of light from the semiconductor. The
light emission from ZnO is increased by a factor of about
4–12, depending on temperature [13]. This light amplification
is effective when the surface of ZnO is properly roughened,
and strongly depends on the electrical properties of graphene,
which are mostly influenced by its layer number and
crystallinity.

Even a small increase in efficiency could significantly
lower the operating costs of light-emitting diodes (LEDs) in
their multibillion-dollar market. One of the major factors for
the efficient LEDs is the ratio of the output light to input
power, i.e., how much to extract light out of the diode for
given electrical power. For the utilization of the plasmon-
induced light amplification in LEDs with versatile materials
including ZnO, major two issues should be solved; one is to
find the conditions for the plasmon resonance, and the other is
to control the plasmon-resonance behavior in chemical-vapor-
deposition (CVD)-grown graphene for device applications.
The electrical conductivity of graphene is enhanced by dop-
ing, more useful for the plasmon resonance. In this paper we
theoretically explain/predict the plasmon-resonance behavior
and control the structural and electrical properties of CVD-
grown graphene by doping with AuCl3, thereby observing the
light amplification induced by the plasmon resonance, which
opens the feasibility of the electroluminescence (EL)
enhancement in GaN LEDs.

2. Experimental section

2.1. Materials processes

100 nm undoped or Ga-doped ZnO (GZO) films were
deposited on p-Si(100) wafers or p-GaN layers by RF mag-
netron sputtering. After the system had been evacuated to a
base pressure of 3×10−6 Torr, the ZnO (or GZO) sputtering
was done at a working pressure of 10−3 Torr. Details of the
sputtering were described elsewhere [14]. The graphene films
were prepared by CVD and subsequently transferred to the
ZnO (or GZO)/p-type Si wafers or p-GaN for PL measure-
ments or LED fabrication, respectively. Detailed information
for the fabrication and characterization of the CVD graphene
can be found in our previous reports [15, 16]. AuCl3 powder
was dissolved in nitromethane to prepare AuCl3 solution at
various doping concentration (nD). For doping of graphene,
the solution was dropped on the whole surface of the gra-
phene sheet, and after 2 min elapsed, it was spin-coated at
2000 rpm for 1 min.

2.2. Fabrication of LED devices

The LED structures were grown on c-plane (0001) sapphire
substrates by metal–organic chemical vapor deposition under
the widely-available commercial recipe. From bottom to top,
this LED structure consists of a 50 nm GaN nucleation layer,
a 3 μm undoped GaN layer, a 5 μm Si-doped n-GaN layer,
50 nm GaN/InGaN multi quantum wells, and a 70 nm Mg-
doped p-GaN layer. A 100 nm thick GZO layer
(nG=1.5 mol%, an optimized doping concentration) was
deposited on top of the p-GaN layer at 400 °C by RF sput-
tering, and subsequently annealed at 900 °C for 3 min in a N2

ambient. Graphene was then transferred to a half region of the
GZO surface. The graphene was doped with AuCl3 at
nD=5 mM, an optimized doping concentration. A standard
chip-processing technology including photolithography
and dry etching was used to make the LED devices with/
without graphene on the GZO electrode. For top-emitting
LEDs, one half of the sample surface with/without graphene
was vertically cut until the n-GaN layer was exposed. The
GZO layer with/without graphene in the other half was then
etched to be shaped into circular cylinders of 500 μm dia-
meter on the p-GaN layer (see the supporting information,
figure S1-1 is available online at stacks.iop.org/NANO/29/
055201/mmedia). Subsequently, a hole of ∼100 μm size was
made in the each circular graphene layer for the GZO surface
to be exposed for the electrical contact, thereby ensuring
measurement conditions identical to those for the circular bare
GZO electrodes in the region without graphene (see the
supporting information, figures S1-2). The Au thin films of
500 μm diameter were finally deposited on the exposed
n-GaN layer as electrodes by using shadow mask in a thermal
evaporator.

2.3. Measurements

PL spectra were measured at room temperature (RT) in a
closed-cycle refrigerator by using the 325 nm line of a HeCd
laser as the excitation source. Emitted light was collected by
using a lens and analyzed using a grating monochromator and
a GaAs photomultiplier tube. Standard lock-in detection
techniques were used to maximize the signal-to-noise ratio.
The laser power for the photoluminescence (PL) excitation
was about 3 mW. The microscopic (μ)-PL measurements
were carried out at RT using a home-built scanning confocal
microscope. The laser beam was focused on the sample sur-
face through a microscope objective that can focus the laser
excitation spot down to below 1 μm. The μ-PL signal from
the samples was spectrally dispersed by a 50 cm spectrometer
equipped with a charge coupled device (Andor DU401A-
BU). PL mapping could be finally created by moving the
sample under the microscope through the use of properly
aligned step motors. The spatial resolution of the PL mapping
image was less than 2 μm. The light output-current–voltage
characteristics of the LEDs were measured using a HP 4155
semiconductor parameter analyzer and a silicon photodiode-
array fiber-optic spectrometer. The electrical and optical
characteristics of the LEDs were measured under continuous
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current injection at RT. EL spectra of the LEDs were obtained
by collecting the emission into a lens placed near the top of
the planar device.

3. Results and discussion

Figure 1(a) shows a schematic diagram of GaN LEDs with
GZO films as transparent conducting electrodes. The
AuCl3-doped graphene was transferred on some of the top
GZO electrodes with small portion of graphene being etched
for the electrical contact through the bare GZO surface, which

ensures same conditions in both cases with/without graphene.
The EL from the graphene-covered and bare GZO surfaces
was compared by applying the forward bias to the GZO
contacts. Figure 1(b) shows log and linear plots of I–V
characteristics for a typical LED device with AuCl3-doped
graphene, indicating that the LED is a well-defined diode with
an on/off ratio of ∼109. Figure 1(c) shows EL spectra of the
LED device for various injection currents (for the I–V curves
and EL spectra of the LED device without graphene, see the
supporting information, figure S2), which are peaked at
∼425 nm (∼2.9 eV), typical of commercial GaN LEDs.
Figure 1(d) shows EL peak intensities with/without graphene

Figure 1. A schematic of the GaN LED structure for demonstrating the EL enhancement and device characteristics. (a) Schematic diagram of
a typical GaN LED for light amplification. (b) Log- and linear-scale I–V characteristics of GaN LED with AuCl3-doped (nD=5 mM)
graphene on GZO (nG=1.5 mol%) electrode. (c) EL spectra of GaN LED with AuCl3-doped graphene on GZO electrode for various
injection currents. The inset optical microscopic image shows EL at 10 mA. (d) EL intensities of GaN LEDs with/without AuCl3-doped
graphene on GZO electrode and EL enhancement ratio as functions of injection current.
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and their ratio as functions of injection current, which were
averaged over thirty LED devices. With the AuCl3-doped
graphene on the GZO surface, the average EL intensity is
1.2–1.7 times enhanced depending on the injection current,
almost irrespective of the contact position. The EL enhance-
ment ratio monotonically decreases with increasing the
injection current. These behaviors are believed to result from
the plasmon-coupled light amplification, as will be explained
below.

Raman spectra were measured for pristine and
AuCl3-doped graphene layers transferred on ZnO films (see
the supporting information, figure S3(a)). The relative inten-
sity ratio between the Raman G and 2D bands appearing at
1581 and 2679 cm−1, respectively is ∼0.5 for pristine gra-
phene, indicating a single-layer. With increasing nD from 0 to
30 mM, both G and 2D bands were sequentially shifted in the
upward directions (see the supporting information, figure
S3(b)), indicating well charge transfer by doping [17]. The
Raman spectra also demonstrate the existence of the graphene
layer on the GZO films in the graphene/GZO/GaN LEDs
(see the supporting information figures S3(c) and (d)). The
optical microscopic images confirm same conditions of the
bare GZO surfaces in the LEDs with/without graphene (see
the supporting information, figures S3(c) and (d)). The sheet
resistance was reduced greatly down to ∼170 ohm/sq by
doping up to nD=30 mM (see the supporting information,
figure S4(a)). The transmittance (T), measured for graphene
layers on quartz, showed a monotonic decrease with
increasing nD over the full range of wavelength (see the
supporting information, figure S4(b)), but maintained a level
of ∼80% at the highest nD. All of these behaviors are typical
of single-layer graphene, as shown in the previous
reports [15, 18].

Figure 2(a) shows a schematic diagram of pristine or doped
graphene on a ZnO film, where the ZnO film (actually, com-
bination of graphene and ZnO) is modeled to have corrugations
of D width and H height. The roughness (Rq) of the graphene/
ZnO stack, as a role of grating couplers for the plasmon reso-
nance [13], can be controlled by doping the graphene or the ZnO
film. Figures 2(b)–(d) show typical AFM images and height
profiles of bare ZnO and undoped/doped (nD=5mM) gra-
phene layers/ZnO films (for other nD, see the supporting
information, figure S5), where the ZnO films are undoped.
Figure 2(e) summarizesH, D, and Rq of graphene/undoped ZnO
stacks as functions of nD together with those of bare ZnO. They
all show monotonically increasing behaviors with increasing nD.

Figure 3(a) shows spatial peak-intensity mappings of PL
from regions with/without AuCl3-doped graphene (nD=5 or
30 mM) on the ZnO surface. The peak intensities are much
stronger on the regions covered with graphene than on the
bare ZnO surface. Figures 3(b) and (c) show PL spectra and
peak intensities of bare ZnO and graphene/ZnO films at 300
and 10 K (for other temperatures, see the supporting infor-
mation, figure S6), respectively for various nD. Compared to
the bare ZnO film, pristine and AuCl3-doped graphene lay-
ers/ZnO films show almost no shift in the PL peak energies
(∼3.3 eV at 300 K), but show strong nD dependences in the
enhancement of the PL peak intensities. At 10 K, well-known

low-temperature PL lines of ZnO [19, 20], originating from
free (FX)/neutral-donor-bound (D0X) excitons, two-electron
satellite transition, and their longitudinal optical-phonon
replicas, are clearly observed. The PL peak intensities at 10 K
in figure 3(c) indicate combined ones of the FX and D0X PL
lines. The enhancement ratio (η) of the PL intensity is max-
imized at nD=5 mM, irrespective of temperature, and the
maximum η is ∼1.6 and ∼1.9 at 300 and 10 K, respectively.
The doping concentration at which η is maximized is closely
related to the graphene plasmon energy that is strongly
affected by the doping density and the roughness of graphene,
which will be further discussed below. The η shows mono-
tonically-decreasing behaviors with increasing the laser
power, irrespective of doping of graphene (see the supporting
information, figure S7), consistent with the injection current-
dependent EL-enhancement ratio of the graphene/GZO/GaN
LEDs, as shown in figure 1(d), possibly resulting from the
damping effect, caused by the plasmon–phonon interaction
[21] at high laser power or injection current.

Figure 4(a) shows temperature-dependent PL spectra of
bare ZnO film and pristine/doped (nD=5 mM) graphene
layers/ZnO films (for other nD, see the supporting informa-
tion, figure S8). Figures 4(b) and (c) show Arrhenius plots of
the PL intensities for various nD and their activation energy in
the linear portion as a function of nD, respectively. The
nD-dependent variation of the activation energy is very similar
to that of the PL peak intensities, as shown in figure 3(c),
possibly because larger activation energy makes the plasmon
damping caused by the plasmon–phonon interaction [21]
more difficult, thereby increasing the PL enhancement.

Figure 5(a) shows AFM topographic images on the sur-
face of GZO films covered with pristine graphene for various
Ga doping concentrations (nG) (for the AFM images of the
GZO films without graphene, see the supporting information,
figure S9). The H, D, and Rq estimated from the AFM height
profiles show monotonically-increasing behaviors with
increasing nG, irrespective of the existence of graphene, are
summarized figure 5(b). Figure 5(c) shows PL spectra of bare
GZO and pristine graphene/GZO films for various nG.
Figures 5(d) and (e) show PL peak intensities and η of
undoped ZnO and GZO films without/with pristine graphene
for various nG, respectively. The η is maximized at
nG=1.5 mol%, also closely related to the plasmon resonance
in graphene, which is strongly affected by the roughness of
the graphene/GZO film.

The enhanced PL has been previously observed by using
mechanically-derived graphene and attributed to the coupling
of the spontaneous emission from corrugated ZnO to plas-
mons, the normal mode of the charge density fluctuation of
graphene [13]. We have found that the plasmon coupling
becomes significantly strong when the plasmon energy
satisfies the resonant condition: plasmon energy ≈ Eg, where
Eg (∼3.3 eV) is the band gap energy of ZnO. As shown in
figure 3, the enhancement of PL is also observed in CVD-
graphene/ZnO structures and is strongly influenced by dop-
ing of graphene. This suggests that by adjusting the impurity
density with doping, the graphene plasmon energy can be
tuned to match with the emission energy of PL so that the
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energy transfer process between ZnO and graphene plasmons
can be optimized. The low-temperature increase of the PL
enhancement ratio, as shown in figure 3, can be interpreted by
the enhanced plasmon coupling due to the increase of the
plasmonic density of states [22] and the reduction of plasmon
damping caused by electron–phonon scattering [21] at low
temperature.

To understand the resonance condition of our system we
first check what kind of graphene plasmons can be involved
in the EL/PL enhancements. There are three different low
energy plasmons associated with π-band electrons in gra-
phene; (1) the intraband plasmon at K point of the Brillouin
zone, (2) the interband plasmon at M point, and (3) the
plasmon by π-band valence electrons. We find that among
them the intraband plasmon of π-band electrons is responsible
for resonant coupling to spontaneous emission. The plasmon

energy for the case (1) or (2) is estimated too low (∼1 eV) or
too high (∼5 eV) to match with the band gap energy of ZnO,
respectively. (For the details, see the supporting information,
theoretical calculations section.) There are also plasmons
associated with σ-band electrons, whose energy is the order of
10 eV, so that the coupling for the plasmon resonance is
expected to be too weak to induce the enhanced PL or EL.

Within the tight binding approximation [23] we find the
plasmon dispersion for the case (3)

q
e N ta

q
2

2
, 1p

2
2

0

2
w

p
e

= p( ) ( )

where Nπ is the electron density of π band, ε0 the background
dielectric constant, t the transfer integral between two nearest
carbon atoms, a the lattice constant of graphene, and ωp the
plasmon energy.

Figure 2. A schematic describing the corrugations of graphene/ZnO surface and AFM images and height profiles. (a) Schematic diagram
describing the graphene/ZnO film with corrugations of D width and H height. AFM images and height profiles of (b) bare ZnO, (c) pristine
graphene/ZnO, and (d) AuCl3-doped graphene (nD=5 mM)/ZnO films. (e) Height, width, and roughness (Rq) of the corrugations for bare
ZnO and graphene/ZnO films at various AuCl3 doping concentrations.
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Figure 3. PL mapping images and spectra of graphene/ZnO films showing the light amplification. (a) Peak-intensity mappings of PL from
regions with/without AuCl3-doped graphene (nD=5 or 30 mM) on the ZnO surface. (b) and (c) PL spectra and peak intensities of bare ZnO
and graphene/ZnO films at 300 and 10 K, respectively for various nD.

6

Nanotechnology 29 (2018) 055201 J M Kim et al



In this work, we adjusted the plasmon energy by an
intentional doping to match better with the band gap of ZnO.
It is well known that, due to the doped impurities, inhomo-
geneous charge densities or electron/hole puddles [24] are
induced in graphene, which can play a role as grating cou-
plers. The grating coupling effects give rise to the plasmon
resonance at wave vectors q=ν2π/d (ν=1, 2, 3, K and d
is a grating constant). When the emitted light hits puddles
with an average size of d its surface component of wave
vectors q transfers to the lateral charge density modulation (or
plasmon). We use equation (1) to calculate the π-band

plasmon energy with the following parameters of graphene
[25]; a=2.46 Å, Nπ=4/31/2a2=3.8×1015 cm−1, t
= 3 eV, and ε0=(εZnO+1)/2=5.5. Then, we have
ωp=∼3 eV at q=1.6×107 cm−1, which corresponds to
the doping density of ni∼1013 cm−2 since d∼ni

−1/2∼
4 nm, very close to the roughness of graphene/ZnO (or GZO)
films, as shown in figures 2 and 5. The transmittance is also
an important factor determining the plasmon resonance
because T is reduced with larger nD or nG, resulting in the
decrease of the PL intensity. This explains why the
enhancement ratio of PL is maximized at nD=5 mM or

Figure 4. Temperature-dependent PL enhancements of graphene/ZnO films. (a) Temperature-dependent PL spectra of bare ZnO film and
pristine/doped (nD=5 mM) graphene layers/ZnO films. (b) Arrhenius plots of the PL intensities for various nD and (c) their activation
energy in the linear portion as a function of nD.
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nG=1.5%. As a result, the plasmon energy of graphene
almost matches with the energy gap (∼3.3 eV) of ZnO or the
EL energy (∼2.9 eV) of the graphene/GZO/GaN LEDs.

4. Conclusion

The device scheme we proposed in this paper is very pro-
mising for the applications to LEDs with different wave-
lengths, which can be combined with a semiconductor with
the energy band gap corresponding to the wavelength of the
emitted light. However, since the amplification only works
efficiently when the plasmons and the emitted light are in the
resonant condition (i.e., they have the same energy), materials
should be controlled to produce the plasmons that have
energy close to the desirable LED color. The same concept
could also be applied to other optoelectronic devices. What
works for extracting light out of a device is also available for
the reverse process of light emission, for example, for solar
cells and photodetectors.
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