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Abstract: The development of short-wavelength light-
emitting diodes (LEDs) with high emission efficiency, a
fascinating research area, is still necessary because of
great scientific interest and practical significance. Here,
a graphene plasmon layer treated by oxygen plasma was
employed into ZnO nanorod/p-GaN LEDs for a surface
plasmon effect. The graphene-decorated heterojunc-
tion exhibited an approximately 4-fold improvement of
ZnO ultraviolet (UV) electroluminescence (EL) intensity
relative to a primitive p-n junction device. Time-resolved
spectroscopy and temperature-dependent luminescence
measurement indicated that the EL enhancement resulted
from the coupling of ZnO excitons with graphene surface
plasmons. The current research not only provides an
opportunity to construct three-dimensional architecture
from a vertical array of one-dimensional nanorods and
a two-dimensional graphene layer, but also proposes an
effective strategy to improve near-UV emission efficiency
in various devices.
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1 Introduction

A one-dimensional (1D) nanorod (NR) may be regarded
as an ideal single crystal with superior photoelectric per-
formance. Merging NRs into light-emitting diodes (LEDs)
can effectively improve device performance [1-4]. ZnO is a
third-generation semiconductor that is a potential build-
ing block for short-wavelength LEDs [5-8]. In particular,
1D ZnO NR arrays have exhibited excellent performance
in the field of light-emitting devices [9-16]. Recently,
Chongxin Shan’s research groups used 1D ZnO micro-
nano heterostructures for electrically pumped Fabry-Perot
micro-lasers and electrically driven ultraviolet (UV) plas-
monic lasers at room temperature [17, 18]. However, an
increased surface-to-volume ratio deteriorates the effi-
ciency and stability of ZnO NR LEDs. Thus, an important
challenge is to overcome these surface-mediated non-
radiative and deep-level recombination channels in order
to improve device performance.

Surface plasmons (SPs) are electron oscillations that
have attracted intense interest as a means to increase lumi-
nescence efficiency [19-22]. Recently, graphitic carbon
materials have exhibited a resonant SP effect attributed to
aninduced oscillation behavior of tand t + ¢ electrons with
Dirac-cone-like energy bands [23-29]. Two-dimensional
(2D) graphene, a layered structure of sp>hybridized carbon
atoms with a unique honeycomb lattice structure, has
been of considerable interest because of the ability to engi-
neer its band gap and the Fermi energy via electrical gating
and carrier doping [30, 31]. As early as 2008, Nair et al. [32]
reported for the first time that the unexpected absorption
was attributed to the excitation of spectrally broadened
surface plasmonic modes in graphene and the breakdown
of the Dirac-fermion model, caused by triangular warping
and non-linearity of energy bands far from the Dirac energy.
Next, Dawlaty et al. [33] presented experimental results on
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the optical absorption spectra of epitaxial graphene from
UV to the visible frequency range. Subsequently, Hwang
et al. [24] also observed that the graphene showed an
abnormally increased absorption in the violet-frequency
region. They demonstrated that the resonant excitation of
graphene plasmon is responsible for such absorption and
eventually contributes to enhanced photoemission from
structures of graphene/ZnO films when the corrugation of
the ZnO surface modulates photons emitted from ZnO to
fulfill the dispersion relation of graphene plasmon. Mean-
while, Koppens et al. [26] expounded a light-matter inter-
action process and optical field confinement induced by
graphene. These important findings have unquestionably
confirmed that graphene can show an abnormal absorp-
tion in the UV region, which indicated a probable SP effect.
Furthermore, compared with metal SPs, graphene-like SPs
are conveniently tunable in a wide spectral range and gen-
erally have lower optical loss, greater confinement, and
better flexibility [25, 34]. These favorable factors promise
greater resonant coupling and should stimulate the devel-
opment of new optoelectronic devices. Therefore, graphene
is now regarded as a more promising plasmonic material
than metals. Additionally, versatile 2D graphene nano-
materials have many advantages and unique characteris-
tics, such as mechanical, electrical, and thermal stability;
higher quantum efficiency; and strong non-linear optical
processes. They have been used in plasmonic devices,
information storage devices, and LEDs [34, 35]. Hence,
there are significant scientific value and economic benefits
in developing graphene-based LEDs with SP modulation.
Resonant enhancement induced by graphene SPs and an
increased ZnO luminescence have been demonstrated for
the graphene/ZnO system. However, most reports focused
on enhanced photoluminescence (PL) [36—-44] rather than
greater UV electroluminescence (EL) [45, 46].

Here, a hybrid 3D structure of 1D ZnO NR vertical
arrays and a 2D graphene plasmon layer was fabricated on
a commercial p-GaN substrate. By some effective means,
the graphene plasmon layer was directly inserted into the
active region between the NR arrays and the substrate,
optimizing the SP-enhanced LED luminescence. Com-
pared with the primitive ZnO/GaN heterostructure, the
graphene-embedded device demonstrated an approxi-
mately 4-fold improvement in near-UV EL intensity. The
enhancement mechanism was revealed according to
time-resolved spectroscopy and temperature-dependent
PL (TD-PL). The internal quantum efficiency (IQE) was
estimated to be approximately 53%, which is among
the highest reported for ZnO nanostructures. In our
current study, by introducing a graphene plasmon layer,
improved UV EL behavior was observed. To the best of our
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knowledge, this contribution may be the first to report on
graphene-based SP-improved ZnO UV LEDs.

2 Experiments

Simple p-n heterostructure ZnO NR arrays were
epitaxially prepared, as described previously [15], on
commercial p-GaN substrates using a hydrothermal
synthesis method. Catalysts and seed layers were not
required, and zinc acetate and hexamethylenetetramine
were used as precursors. The device structure and prep-
aration were modified to investigate the effect of the
embedded graphene plasmon layer on ZnO lumines-
cence. Because the layer had to be near the active region
to enhance the luminescence, it was transferred to the
p-GaN substrate before growth of the ZnO NR arrays, as
reported previously [47, 48]. Initially, polymethyl meth-
acrylate (PMMA) was dissolved in acetone solution at a
4% mass fraction and spin-coated as a protective layer
(3600 r/min, 30 s) on a graphene sheet supported on a
Cu substrate. The sample was then placed on a 110°C
heating plate for 15 min, followed by immersion in an
FeCl, solution to remove the Cu substrate. The graphene/
PMMA layer was then transferred onto a p-GaN sub-
strate by a lift-up process and dried in air for 12 h. The
sample was again heated at 130°C for 30 min, and then
placed in a 50°C acetone solution for 10 min to dissolve
and remove the residual PMMA. Thus, a precise and con-
trollable graphene plasmon layer transfer process was
accomplished. Because of the graphene dangling bonds
and the lattice mismatch with ZnO, plasma processing
technology was performed. Specifically, the graphene
plasmon layer was placed in 100 Pa oxygen plasma
for 1 min at an input power of 40 W to form dangling
bonds and nucleation sites favorable to ZnO NR growth.
This created oxygen-containing functional groups or
defect sites on the surface of graphene for nucleation
and growth of oxides, similar to the nitrogen plasma
etching used for inorganic nitride growth (e.g. AIN and
GaN) on graphene monolayers. High-performance blue
LEDs were fabricated with these graphene-buffered
nitride emissive layers [49-52]. ZnO NR arrays were
then synthesized on the graphene plasmon layer via the
hydrothermal method noted above. A schematic of the
fabrication procedure is shown in Figure 1. A primitive
reference ZnO NR array/p-GaN LED without graphene
plasmon layer decoration was also fabricated for com-
parison. Au/Ni and In contact electrodes were thermally
evaporated on p-GaN and ZnO NR, respectively. PL and
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Figure 1: Schematic of graphene transfer and device preparation process.

EL spectra were recorded and collected from one side
of the cathode and detected in the same way for direct
comparison.

3 Results and discussion

ZnO NR arrays were synthesized on the commercial
p-GaN chip or the graphene/p-GaN substrate was imaged
with a scanning electron microscope (SEM), as shown in
Figure 2A and B. The NRs were vertically aligned on the
p-GaN substrates in a highly ordered distribution. The
average NR diameter was approximately 150 nm and the
average length was approximately 2 um. The inset of
Figure 2A is a high-magnification SEM image of a single
ZnO NR having a flat and smooth side surface. After insert-
ing the oxygen-plasma-processed graphene plasmon
layer, the mass and morphology of the ZnO NR arrays did
not degrade significantly and the surface density slightly
decreased. In Figure 2C and D, the microstructure of a
single ZnO NR was imaged with high-resolution transmis-
sion electron microscope (HRTEM) and selected-area elec-
tron diffraction (SAED). The SAED pattern was along the
[0110] zone axis, indicating a single-crystal wurtzite struc-
ture with a [0002] growth direction. Interplanar spacings of
0.26 and 0.16 nm, corresponding to the orthogonal (0002)
and (2110) planes of wurtzite ZnO, were clearly observed.
Furthermore, superimposed electronic images and energy
dispersive X-ray (EDX) mapping of a single ZnO NR on
graphene-covered p-GaN (inset of Figure 2A) are shown
in Figure 2E-]. They verified the uniform distributions of
elemental Zn, O, Ga, N, and C.

The EDX patterns (Figure 3A) collected from the
surface of the microstructure also indicated the forma-
tion of a heterostructure. The X-ray diffraction pattern
depicted in Figure 3B, which included (100), (002), (101),
(102), (110), (103), (200), and (004) planes, matched well
with Joint Committee on Powder Diffraction Standard card
no. 36-1451. The sample prepared on graphene-covered
p-GaN had a higher-intensity (002) peak, which implied
a vertical alignment consistent with the SEM images in
Figure 2A and B. A Raman spectrum of transferred gra-
phene (red line in Figure 3C) had two vibrations at 1580
and 2700 cm™ attributed to the G and 2D bands, respec-
tively. The 2D/G intensity ratio was 2.4, which indicated
good-quality layered graphene [53, 54]. Raman spectro-
scopy of the sample after oxygen plasma treatment (blue
line in Figure 3C) exhibited a stronger D peak (I)) and a
weaker G peak (I.), enhancing the I /I ratio and indicat-
ing that the perfect graphene structure was degraded. This
indirectly verified changes in the defect density (point-like
defects and nucleation sites) to enable growth of ZnO NR
arrays [55]. Cancado et al. and Lucchese et al. carried out
theoretical quantitative analysis and proposed that the
defect density was closely related to I, /I . The relationship
can be represented by [56, 57]:

I (r;—13)

Do At (o o c [1—e ™R
I, “(-21)) s )

G
The length scales of r, and r, indicated the region
around D band scattering, where r, is the radius of a dis-
ordered area, r, is the radius of a point defective area, and
L, is the distance between point-like defects. Studies have
shown that ID/IG is dependent on the activated area, which
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Figure 2: Microstructure characterization of the device.
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SEM images of ZnO NR arrays prepared on p-GaN substrates without (A) and with (B) graphene plasmon layer insertion. The inset of (A)
shows a single smooth ZnO NR. (C) TEM image of ZnO NR. The inset displays the SAED pattern along the [0110] zone axis of a wurtzite
structure. (D) HRTEM image with clear lattice fringes showing interplanar spacings of 0.26 and 0.16 nm, corresponding to the orthogonal
(0002) and (2110) planes of wurtzite ZnO. (E-J) EDX mapping results of single ZnO NR on graphene-covered p-GaN substrate.

is weighted by the parameter C,, and a defective area
weighted by the parameter C, [53]. Herein, we chose C,=0
and C, =AE.” in terms of approximation and boundary
conditions, where E, is the energy of excitation source
(488 nm or approximately 2.54 eV) [57]. The fitting coeffi-
cient yielded A = (160 + 48) eV*, by fixing B=4, which was
in accordance with Refs. [58] and [59]. Thus, Eq. (1) could
be transformed into

I a(r;—r?)

=C

D
- ©)
I~ "L

By replacing r, =3.1nm, r,=1nm, Eq. (2) can be rewrit-
ten as

G

e P

According to the wavelength of the laser excitation 1,
we obtain

L (nm?) =(1.8¢0.5)x10913(1 ] . (4)

D
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Figure 3: The structure and optical properties in both devices.
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(A) EDX pattern collected from the graphene-decorated ZnO NR array/p-GaN. (B) XRD pattern of graphene-decorated ZnO NR prepared

on a p-GaN substrate. The curve at the bottom is the standard Powder Diffraction File (PDF) card for ZnO lattice structure. (C) Raman
characterization of a graphene plasmon layer before (red curve) and after (blue curve) oxygen plasma treatment. (D) PL measurement of ZnO
NR array/p-GaN without (red line) and with (blue line) graphene plasmon layer decoration.

Finally, according to Egs. (3) and (4), the expression
for the defect density is

14

ny (cm™) =2 5)
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From the Raman spectra of the graphene plasmon
layer before and after oxygen plasma treatment, the values
of I./I. (before), I / I, (after), n, (before), and n/ (after)
were estimated to be 0.17, 1.35, 6.9 x10'° cm™, and 5.5 x 10"
cm?, respectively. Hence, the defect density of the gra-
phene plasmon layer was increased by the oxygen plasma.
Room-temperature PL spectra of the ZnO NR array/p-GaN
heterojunction with and without the graphene plasmon
layer were acquired (Figure 3D). With 325-nm lasing exci-
tation, the spectrum of primitive structure consisted of
excitonic luminescence centered at approximately 377 nm
and weaker broad-band ZnO emission at approximately
525 nm. With the graphene plasmon layer, the PL peak

positions and line shapes were not distinctly changed.
However, the intensity greatly increased, which suggested
a coupling between ZnO excitons and graphene SPs.
Figure 4A displays a structural diagram of the gra-
phene-inserted ZnO NR array/p-GaN heterojunction LED.
As described in Section 2, the graphene plasmon layer
was introduced without affecting the original hetero-
structure. A primitive ZnO NR array/p-GaN LED was also
constructed, and the performances of both LEDs were
characterized. As shown in Figure 4B, the current-versus-
voltage (I-V) curves of both junctions exhibited good
rectification behavior, which indicated that the graphene
plasmon layer did not significantly degrade longitudinal
electrical transport. More important, the inserted gra-
phene device had lower forward-injection and reverse-
leakage currents at the same voltage, which resulted
from the increased series resistance. Additionally, the
ohmic contact between the positive electrode (Au/Ni) and
p-GaN was acceptable, as shown by the linear I-V curve
in the inset of Figure 4B (orange triangles). Negative elec-
trode In easily formed an ideal ohmic contact with ZnO,
which was also demonstrated by a linear I-V curve (green
squares in the inset). We considered that this graphene
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Figure 4: (A) Device structure diagram of graphene-decorated ZnO NR array/p-GaN heterojunction. (B) /-V curves of both devices without

and with a graphene plasmon layer.

The inset shows the near-linear /-V characters of Au/Ni-p-GaN and In-ZnO NR arrays, confirming good ohmic contacts.

plasmon layer also has other advantages during device
operation. For example, it has a good heat dissipation
layer that allows the heat to spread from the ZnO NR
arrays to the p-GaN, reducing the junction temperature.
It may promote the radiative recombination of ZnO exci-
tons and probably leads to higher UV emission. Moreover,
the oxygen-plasma-processed graphene plasmon layer
is a less-conductive semi-insulating blocking layer that
slows down the diffusion of electrons from the ZnO NR
arrays to p-GaN, which enables ZnO UV luminescence.
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Overall, introducing the graphene plasmon layer is likely
to produce better device performance.

In Figure 5A and B, there are two sets of EL spectra
obtained under a forward bias from ZnO NR array/p-GaN
heterojunctions without and with graphene plasmon
layer decoration. With the injection current ranging from
1 to 10 mA, both EL spectra exhibited a broad near-UV
emission band, which may have included several lumi-
nescence sources and increased in intensity with injec-
tion current. The most striking feature in Figure 5A and B
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Figure 5: EL spectra of both LEDs (A) without and (B) with graphene plasmon layer decoration, collected at the front of the devices
for variable injection currents from 1 to 10 mA. (C) Relationship among integral intensity, improvement ratio, and injection current.
(D) EL measurement of light-emitting devices without and with a graphene plasmon layer collected at an applied current of 1 mA.

The insets show instant EL photographs.
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was that the LED with the embedded graphene plasmon
layer had much stronger near-UV luminescence centered
at approximately 395 nm. The integrated intensities of
both heterojunctions as a function of injection current are
shown in Figure 5C. The intensities of both LEDs increased
with injection current and saturated near 10 mA. The inset
of Figure 5C shows a change rule between the enhance-
ment ratio and injection current. The ratio gradually
decreased and leveled off at approximately 1.0 when the
injection current reached 10 mA. This was most likely
because Joule heating became more dominant at higher
injection currents and also because of the screening effect
of excess carriers induced by higher injection levels for
the SP-enhanced LEDs. The above discussion indicated a
more appreciable enhancement observed at lower injec-
tion levels. Therefore, both EL measurements detected at
1 mA acted as the objects of the study for comparison. In
Figure 5D, the main difference was that the intensity of the
graphene-inserted heterojunction was more than approxi-
mately 4 times that of the primitive ZnO NR array/p-GaN
LED device, as reflected in the EL photographs. Moreover,
the broad-band near-UV emission peak position experi-
enced no red shift in the EL spectra.

A traditional ZnO/GaN heterojunction can generally
produce several luminescence sources, as demonstrated
by the broad-band EL spectra. To better analyze and rec-
ognize the changes in the spectral lines, both spectra were
analyzed with Gaussian deconvolution fits in Figure 6A
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Figure 6: The luminescence sources in EL spectra.
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and B. The applied current was fixed at 1 mA, and defect-
related ZnO emissions were very weak. Therefore, the EL
broad-band emissions from the two LEDs were split into
three independent types of recombination. According to
previous reports and the aforementioned PL characteriza-
tion, these emission peaks were reasonably given to ZnO
excitonic radiative recombination, interfacial recombi-
nation, and Mg-acceptor dependent emission in p-GaN
[8-10]. All spectra from the primitive ZnO NR array/p-GaN
LED derived from pronounced ZnO excitonic emission and
interfacial recombination, while the p-GaN acceptor emis-
sion accounted for a relatively small proportion, as seen in
the weight distribution in Figure 6A. However, after insert-
ing the graphene plasmon layer, the components of decom-
posed sub-peaks greatly improved (Figure 6B) because of
the spectral overlap between the near-UV luminescence
and the increased abnormal absorption of graphene in the
UV region. Additionally, the weight and enhancement of
each sub-peak were changed observably, as described in
Figure 6C and D. Similar to PL enhancement, the ZnO exci-
tonic emission was effectively enhanced by approximately
4-fold. The increased abnormal absorption of graphene
suggested that its SP resonance frequency was mainly
situated in the UV region. Therefore, there was a near-UV
emission enhancement from the ZnO NR arrays.

As expected from a plasmonic material, graphene SP
can also provide an additional radiative recombination
route, which can improve the IQE. The energy of some
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Gaussian deconvolution fittings of EL spectra in LEDs without (A) and with (B) a graphene plasmon layer. (C) Weight distribution of every
luminescence component. (D) Enhancement ratio of every luminescence component.
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particles, such as electron-hole pairs/excitons in semicon-
ductors, can be coupled to an SP mode and then scattered
into free space radiatively. It has been proposed that SP
can be generated on the surface of a graphene plasmon
layer in a driven heterojunction LED, which has a great
effect on luminescence enhancement. To demonstrate
this proposal, finite-difference time-domain (FDTD)
numerical simulations were performed on the spatial
distributions of the electric field intensity at the ZnO NR
array/p-GaN interface without and with graphene. The
simulation model construction and parameter selections
resembled the actual device configuration to ensure reli-
ability. A dipole light source was situated in the junction
area, i.e. in accordance with the active region. As pre-
sented in Figure 7A and B, the simulations first suggested
that the luminescence can be rather confined to the active
region and propagate along the NR growth direction,
which has been previously confirmed in waveguide-type
transmission and light-emitting modes [15]. Further, the
SP effect similar to a surface propagation plasmon can
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Figure 7: Graphene plasmonic effect.
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be generated on the surface of a graphene plasmon layer,
and the graphene enables the energy of light to spread
horizontally. Finally, the FDTD results demonstrated that
graphene in the active region clearly improved the emitted
luminescence intensity of an individual ZnO NR. For ZnO
NR array/p-GaN heterojunction, its EL enhancement origi-
nates from the collective effect of luminescence improve-
ment of individual ZnO NR. In fact, Chunxiang Xu’s groups
have reported some related works on graphene-improved
Zn0 UV emission [30, 32, 34, 36, 37]. Especially, some
interesting works have been focused on numerical simu-
lation of graphene/ZnO heterostructures [36, 60]. These
works indicated that the graphene SP can be located in
the UV frequency region and couple with ZnO excitons to
generate ZnO UV luminescence enhancement.

Another way to understand this phenomenon is that
the light source of energy can be coupled with the excited
graphene SP, which indicates the existence of a resonance
coupling interaction between graphene SP and ZnO
exciton. To verify this proposal, time-resolved PL (TR-PL)
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FDTD simulations of electric field intensity spatial distributions at a ZnO NR array/p-GaN interface (A) without and (B) with graphene
plasmon layer decoration. (C) TR-PL measurements of both heterojunctions. (D) Arrhenius plots of the normalized intensity from ZnO NR
arrays without (red squares) and with (blue circles) graphene plasmon layer decoration.
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The curves are normalized by the axial direction EL intensity.

was performed with a fluorescence measurement system
(Photon Technology International, London, Ontario,
Canada), a pulsed laser of nitrogen molecule, and a photo-
multiplier. ZnO UV emission at 377 nm was monitored. In
Figure 7C, fluorescence decay curves with and without the
graphene plasmon layer are illustrated. The curves were
normalized and fit to bi-exponential functions. The effec-
tive PL lifetimes for the graphene-decorated structure and
the pure ZnO NR were determined to be approximately 747
and 1876 ps, respectively. The graphene-decorated ZnO
NR array/p-GaN exhibited a faster spontaneous radia-
tive recombination rate than that of the primitive hetero-
structure, indicating exciton-SP resonant coupling and an
increased IQE. To further confirm the latter, TD-PL spectra
were acquired over the temperature range 85-310 K. Figure
7D displays Arrhenius plots of UV integrated intensity for
ZnO NRs without and with graphene decoration. Interest-
ingly, the graphene-inserted structure presented slower
temperature quenching than the primitive structure. Thus,
its IQE increased from 30% to 53% via exciton-SP resonant
coupling. Herein, it is noteworthy that the IQE of graphene
SP-decorated ZnO NR array reaches approximately 53%,
which is among the highest reported for ZnO nanostruc-
tures. In addition, there was an anomalous change in the
integrated intensity over the temperature range 170230 K
in both structures. This was because bound excitons in
the surface or interface states were thermally dissociated
into free excitons, which provide newly created energy
for UV luminescence [61, 62]. More detailed TR-PL and
TD-PL characteristics have been previously reported [8,
15, 16]. These experimental results verified the origin of
the luminescence enhancement.

The spatial distribution of the light output in the light-
emitting device is as important as the emission efficiency.
The angle-resolved and normalized EL intensities from
the LEDs without and with graphene plasmon layer were
thus acquired. The inset of Figure 8A shows a structural

diagram with respect to the angle-resolved EL configura-
tion used for data acquisition. The primitive LED exhibited
high light output directionality because of the waveguide
model. The EL had maximum intensity along the growth
direction and decayed rapidly with increased angle. In
contrast, the LED device with the graphene plasmon layer
exhibited a broader angular distribution in Figure 8B. The
width of the spatial distribution was extended, and the
spatial uniformity was improved. The luminescence from
the active region was divergent; however, the excited gra-
phene SPs coupled with photons in the axial direction of
the NRs. Hence, wasted photon energy was re-extracted
by the SP mode and uniformly scattered into all direc-
tions, resulting in increased light extraction.

4 Conclusions

A near-UV nano-LED was fabricated according to proce-
dures for ZnO NR/p-GaN junctions. When a graphene
plasmon layer was introduced into the active region, there
was a significant increase in ZnO UV PL and EL relative
to the primitive device. This resulted from resonance cou-
pling interaction between graphene SPs and ZnO exci-
tons. The IQE of graphene-decorated ZnO NR array was
approximately 53%, which is among the maximum values
ever reported for ZnO nanostructures. Although the device
structure should be redesigned and optimized, the current
consideration of preparing graphene-decorated SP struc-
tures provide a novel approach for performance improve-
ment for various LED devices.
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