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Enhanced photoluminescence from zinc oxide by plasmonic resonance

of reduced graphene oxide
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We demonstrate 2.79- and 10.16-fold enhanced photoluminescence (PL) from band-edge and defect
levels of zinc oxide (ZnO) using a plasmonic resonance of reduced graphene oxide (RGO) in the
UV frequency range. RGO shows superior tunability on the light absorption of ZnO by the confined
plasmonic resonance, which results in strong PL emission. We conclude that the absorption of ZnO
in close proximity to the RGO layer can be enhanced. These arguments are strongly supported by
different PL enhancements depending on the distance between RGO and ZnO layers, time-resolved
PL, and numerical calculations. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4818953]

. INTRODUCTION

Graphene, a single layer of carbon atoms with a two-
dimensional honeycomb structure, has attracted a consider-
able amount of interest from optoelectronic and material
scientists since its practical discovery.'* Much effort has
been dedicated to investigate and exploit its unique proper-
ties, such as high electrical>* and thermal® conductivity,
excellent mechanical strength® in flexible and stretchable
applications, high surface area,”® and ability to serve as a
gas barrier.” One intriguing property of graphene is its plas-
monic behavior similar to that of metals. Because similar
characteristics of metal have been conventionally utilized to
affect and eventually to enhance the emission from various
light emitters, the plasmonic behavior of graphene is a very
interesting research area for those studying highly efficient
optoelectronic devices.

Recently, Hwang et al.'® associated graphene plasmons
with enhanced light emission from zinc oxide (ZnO), a typi-
cal light emitting material. Studies of the light emission from
ZnO adopting metallic nanostructures such as Ag gratings,''
Au-coated ﬁlms,12 Pt composites,13 and Al/AlIOx coated
layers'* commonly utilize the surface plasmons (SPs) of
these types of metals. Accordingly, it is feasible to associate
graphene plasmons with the enhanced emission of ZnO.
However, further investigation is required, as research on
graphene plasmons is at an early stage, like most research on
graphene. Therefore, the mechanism of enhanced emission
by graphene plasmons has not yet been thoroughly revealed.
In addition, most of works thus far have dealt with non-
scalable and expensive production methods pertaining to
graphene, such as mechanical exfoliation and chemical vapor
deposition. This has exposed a critical limit as regards
applicability to practical devices.
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In this report, we demonstrate the use of solution-
processed graphene oxide (GO) and reduced graphene oxide
(RGO) for the enhanced light emission from ZnO as a large-
scale and cost-effective method. While graphene by means
of mechanical exfoliation induces unique graphene plasmons
similar to those of metals,'” this work reports that chemically
reduced GO can induce a plasmonic resonance which is
localized around flakes of RGO, fairly analogous to SPs of
metallic nanoparticles or nanostructures. 2.79- and 10.16-
fold enhanced photoluminescence (PL) from band-edge and
defect levels of ZnO are obtained using the plasmonic reso-
nance of RGO in the UV frequency domain. We conclude
that the absorption of ZnO in close proximity to the RGO
layer can be enhanced. These arguments are strongly sup-
ported by different PL. enhancements depending on the dis-
tance between RGO and ZnO layers, time-resolved PL
(TRPL), and numerical calculations. The enhanced light
emission of ZnO and the mechanism underneath are also
verified completely by steady PL and TRPL measurements
with a subsequent in-depth discussion, thus realizing a great
advance in the possibility of applying graphene in optoelec-
tronic devices.

Il. EXPERIMENTAL DETAILS

GO was prepared using a modified Hummers method, as
reported elsewhere'> (for the detailed process, see supple-
mentary material'®). The prepared aqueous GO solution was
dispensed on precleaned Si wafers or quartz substrates,
allowed to spread for 1min, and then spin-coated at 2000
rpm for 1 min. The spin speed was slowly increased to the
maximum speed at an acceleration rate of 200 rpm/s to
obtain uniform GO films. The resulting films were dried in a
vacuum oven at 80°C for 30min. The RGO films were
obtained by hydrazine vapor reduction using a method
reported in the literature.'” 2 Samples were put in a glass
Petri dish and heated to 90 °C, after which a few drops of hy-
drazine monohydrate (N,H,-H,O, 80%, Samchun Chemical)
were dispensed beside the samples. The Petri dish was then

© 2013 AIP Publishing LLC
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sealed by winding Teflon tape around the dish and the cover.
The reduction process lasted 4h. The RGO samples were
dried overnight in a vacuum oven at 80 °C. Magnesium ox-
ide (MgO) as a dielectric spacer was deposited with various
thicknesses at 60 °C by means of electron beam evaporation.
Then, 100 nm-thick ZnO films were deposited by means of
atomic layer deposition (ALD) at 250 °C.

GO flakes and film morphology were analyzed by
atomic force microscopy (AFM, XE-100, Park Systems).
The extinction spectra of GO and RGO were measured by
a Shimadzu UV-Vis spectrophotometer (UV-2550, Japan).
PL emission spectra were recorded with a Hitachi fluores-
cence spectrophotometer (F-7000, Japan) equipped with a
Xe lamp using a reflective configuration. In our experi-
ment, a continuous-wave (CW) 325nm light from a Xe
lamp was used for the optical excitation of ZnO. The exci-
tation light was illuminated onto the ZnO side with an
incident angle of 60° against the normal direction. The
X-ray diffraction (XRD) spectra of ZnO were obtained by
a thin-film X-ray diffractometer (Rigaku D/MAX-RC)
using graphite-monochromatized Cu Ko radiation at 40kV
and 100 mA. To examine the reduction of GO to RGO, an
X-ray photoelectron spectroscopy (XPS) analysis was
performed by a Sigma probe X-ray photoelectron spec-
trometer (Thermo V.G. Scientific). The Raman spectra of
GO and RGO were obtained with a high-resolution, dis-
persive Raman spectrometer system (Horiba-Jobin Yvon,
LabRam-HR) with 514nm Ar CW laser excitation. The
TRPL was measured by a fluorescence spectrometer
(Horiba Jobin Yvon FL3-2IHR) equipped with a 265 nm
light-emitting diode source (NanoLED-265) and a
Symphony linear InGaAs array detector (IGA-512X1-50-
1700-1LS).
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lll. RESULTS AND DISCUSSION

Fig. 1(a) shows a graphical representation of the hybrid
structure consisting of ZnO as a light emitter, a dielectric
spacer, and an RGO layer on a Si wafer. In this work, we
examined both solution-processed pristine GO and hydrazine
vapor reduced RGO. RGO is known to be more similar to
pristine graphene than GO. Considering that the absorption
band of ZnO is positioned in the UV regime, we used the
localized plasmonic resonance of GO and RGO, which can
cause strong light absorption of ZnO in the UV region. In the
above structure, the ZnO is 100 nm thick. As shown in Figs.
1(b) and 1(c), the GO layer consists of numerous flakes
(<5 pm) which are randomly stacked by means of spin-
coating. The measured thickness of the GO layer was
approximately 20 nm according to AFM measurements. To
verify the plasmonic effect, we applied MgO as a means of
controlling the distance between the plasmonic resonance
center and the light emitter.

XPS and Raman spectroscopy were conducted to inves-
tigate the degree of reduction of RGO as reported else-
where?'#? (for the Raman spectra, see supplementary
material, Fig. $2'®). Fig. 1(d) shows the Cls XPS spectra of
the GO and RGO samples with deconvoluted curve fits.
Deconvolution revealed there are three main sub-peaks origi-
nating from C-C, C-O, and C=O0 centered approximately at
284.8, 286.9, and 288.2¢eV, respectively. Unlike the C-C
peak, the intensities of the C-O and C=O0 peaks decrease sig-
nificantly after hydrazine vapor reduction, indicating that
numerous oxygen atoms were removed from the RGO sam-
ple. Fig. 1(e) shows the extinction spectra of GO and RGO,
representing distinct light absorption in the UV regime. UV-
graded quartz was used for baseline calibration, and the
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FIG. 1. (a) Schematic illustration of the hybrid structure of ZnO and RGO layers. MgO was selected as a dielectric spacer for the investigation of the plasmonic
effect on the distance. (b) AFM image of prepared GO flakes on a Si wafer substrate. (c) AFM image of a spin-coated GO film scratched by a surgical blade.
The average height of the GO layer is approximately 20 nm. (d) Curve fit of Cls XPS spectra of GO and RGO on a Si wafer substrate. Hydrazine (HZ) vapor
reduction was applied to obtain RGO. (e) Normalized extinction spectra of GO and RGO on UV-graded quartz substrates. (f) Absorbance spectra of ZnO,

Zn0O/GO, and ZnO/RGO films on UV-graded quartz substrates.
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extinction spectrum at each sample was normalized by re-
spective peak intensities. This strong absorption in UV region
is ascribed to the localized plasmonic resonance of GO and
RGO consisting of many flakes. The GO and RGO samples
showed maximum peak intensities at 235 and 273 nm, respec-
tively. The reduction of GO resulted in a red-shift of the plas-
monic resonance. With this shift, the plasmonic resonance of
RGO showed a better fit to the absorption band of ZnO com-
pared to that of GO. Fig. 1(f) shows the total absorbance in
the bilayer structures of ZnO/GO and ZnO/RGO, in contrast
to that of bare ZnO film on quartz substrates. ZnO incorporat-
ing RGO shows stronger absorption in the UV region as a
result of the plasmonic resonance.

Fig. 2(a) shows the entire PL spectra from ZnO, ZnO/
GO, and ZnO/RGO samples under irradiation with a 325 nm
CW Xe lamp. According to previous reports, ZnO shows UV
emission around 380nm and a broad visible emission, as
characterized by the band-edge and structural defects of
Zn0, respectively.” 2 In our experiment, in which ZnO
was fabricated by ALD, the band-edge and defect level emis-
sion of ZnO appeared at 380 nm and 525 nm, respectively.
As shown in Fig. 2(a), the emission intensity from ZnO with
GO and RGO is higher than that of the ZnO-only sample. In
addition, RGO showed a larger enhancement of PL from
ZnO than GO did. Meanwhile, weak bumps were observed
at around 360 nm after introducing the GO and RGO due to
the intrinsic PL emission of GO and RGO. Although perfect
graphene commonly has a zero bandgap, GO and RGO are
known for showing UV light emission arising from the
energy bandgap,”® as shown in Fig. 2(b). Therefore, to deter-
mine the exact emission from ZnO, we eliminated the emis-
sions of GO and RGO from the raw PL spectra of the fully
fabricated structure by subtracting the intrinsic emission
from GO and RGO. Because the PL spectrum of graphene is
positioned in the lower wavelength region, we assumed that
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the emissions of GO (or RGO) can be linearly subtracted
from the total PL spectrum to obtain the pure PL spectrum of
ZnO. Fig. 2(c) shows the corrected PL emission intensity of
ZnO. The PL spectra of ZnO with the existence of GO and
RGO show the same tendency with those in Fig. 2(a), even
after the subtraction of the inherent PL emission of GO and
RGO. In addition to the band-edge emission, it is noteworthy
that the defect-level emission from ZnO also increased. This
indicates that the absorption of ZnO is enhanced with the aid
of GO and RGO because the modification of radiative transi-
tion rates or emission rates, which is another process of the
PL emission, will induce an enhancement in a specific nar-
row band.

We calculated the enhancement factor of the PL emis-
sion based on integration in the following ranges: (1) from
360 to 420nm for the band-edge emission; (2) from 420 to
650 nm for the defect-level emission. As shown in Fig. 2(d),
enhancement factors were plotted in terms of the absorbance
of ZnO, ZnO/GO, and ZnO/RGO at the excitation wave-
length (325nm) which can be obtained from Fig. I1(f).
Enhancement was simultaneously achieved at two radiation
bands. In the band-edge emission, 1.37- and 2.79-fold
enhancements by GO and RGO were obtained, respectively.
In the defect-level emission, 1.74- and 10.16-fold enhance-
ments by GO and RGO were obtained, respectively. The
larger enhancement of the PL emission from the RGO-
incorporated sample for both radiation bands compared to
the GO-incorporated sample implies the intensified excita-
tion of the ZnO film by the plasmonic resonance of RGO.

According to previous reports, plasmonic resonances
can affect light emitters in both processes of absorption and
emission.?’° In other words, plasmonic resonances can
enhance either the absorption rate or the radiative decay rate
of a specific light emitter. Whether the plasmon has an effect
on absorption or emission can be assessed by several
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measurements. Fig. 3(a) shows measured PL spectra of
RGO-incorporated ZnO films with and without MgO spacer
layers between ZnO and RGO layers. The correction of the
PL spectra was carried out in the same manner as was in Fig.
2(c). The plasmonic effect of RGO, and eventually the PL in-
tensity of ZnO, was altered by introducing spacer layers with
various thicknesses. The spacer thickness was varied as 10,
20, and 30 nm. The inset of Fig. 3(a) shows the PL intensities
integrated from 355 to 425 nm and plotted according to the
spacer thickness. The lower PL intensity of the samples with
the thicker spacer indicates a weaker plasmonic effect of
RGO. Furthermore, the PL intensity monotonically decreases
as the distance between the ZnO and RGO layers increases.
This is direct evidence to support that the plasmonic reso-
nance of RGO is affecting the absorption of ZnO. If the plas-
mon is related to the radiative decay or emission process of
Zn0O, we should be able to find an optimum spacer thickness
other than zero where the PL intensity reaches its maximum
by minimizing the quenching of excitons.

By measuring the radiative decay time or TRPL, one
can also distinguish whether the plasmonic resonance is
affecting the absorption or the emission of a specific light
emitter because the latter case will induce a shorter lifetime
of the excitons. Fig. 3(b) shows the TRPL results of ZnO,
7Zn0/GO, ZnO/RGO, and ZnO/spacer/RGO samples with the
inherent system decay. There were no significant differences
in the decay tendencies of each sample. The decay time
remained almost constant regardless of the existence of GO,
RGO, or the dielectric spacer, implying that the plasmonic

100
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resonance from RGO influences not the emission but the
absorption of ZnO.

On the other hand, localized SPs are known to result in
strong field confinement around metallic nanostructures in
the resonance wavelength. Thus, local field enhancement can
be an analytic probe for the detection of a plasmonic reso-
nance. To understand the PL enhancement originating from
the plasmonic effect, we analyzed the local field distribution
at a wavelength of 325nm by the three-dimensional finite-
difference time-domain (FDTD) method (FDTD solutions,
Lumerical Solutions, Inc., Canada). Fig. 3(c) shows the sim-
ulation configuration. Based on the AFM images in Fig. 1,
an RGO flake was modeled as a cylinder (with a radius of
200 nm and a thickness of 20 nm) and was positioned on the
Si wafer. A ZnO layer of 120nm was positioned on top of
cylindrical RGO. Fig. 3(d) shows the calculated electric field
distributions for the ZnO-only case and for ZnO/RGO case
on Si wafers.

As shown in Fig. 3(d), the electric field in the ZnO layer
at the excitation wavelength (325 nm) was intensified by the
existence of RGO compared to the field of ZnO-only case
and was strongly confined near the RGO flake. In addition,
the field distribution coincides well with that of ZnO with
Ag, a well-known plasmonic metal, although the amount of
the enhancement is smaller (see supplementary material, Fig.
S416). Furthermore, the degree of the enhancement of the
field intensity decreased as the spacer became thicker, thus
showing good agreement with the PL results in Fig. 3(a) (see
supplementary material, Fig. S4 and Table S1'°).
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This result is solid evidence of the detection of the plas-
monic resonance caused by RGO. Therefore, based on the
FDTD calculations, we conclude that RGO induces a local
field enhancement in the absorption band of ZnO that is simi-
lar to the effect of the metal-induced plasmons but somewhat
weaker.

We believe the increased absorption of ZnO under UV
light irradiation leads to strong emission from ZnO. The
localized plasmonic oscillation driven by GO and RGO in
the UV frequency domain causes strong absorption of UV
light in the ZnO layer. After the reduction of GO, the peak of
its plasmon-band moved to a longer wavelength, resulting in
deep spectral overlap with the absorption band of ZnO. This
is in good agreement with the PL results of ZnO on the RGO
film, which showed higher intensity than that of ZnO on GO
film. Also, the two radiation bands (the band-edge and defect
level) of ZnO increased together in our results. Thus, the
enhancement in this work is attributed to the enhanced
absorption of ZnO and not to the Purcell effect owing to the
spectral overlap between the SP resonance and the radiative
transition.®'*> In addition, these arguments are strongly sup-
ported by the fact that the decay time remained constant in
the TRPL measurements despite the great increase in the
emission intensity. The constant decay time implies the
invariance of the Purcell factor in light emitting materials.>?
The fact that the PL intensity decreased as the distance
between the ZnO and RGO layers increased also indicates
the resonant excitation of ZnO by the RGO layer becomes
weaker with a thicker spacer.

IV. CONCLUSION

In conclusion, we demonstrated the use of chemically
derived graphene prepared by a solution process. Plasmonic
spectral tuning of the PL emission from ZnO thin films was
examined exploiting GO and RGO under UV light irradia-
tion. The RGO showed better performance to improve the
light emission from the band-edge and defect levels of ZnO
compared to the case of GO. The observed enhancement in
the PL was attributed to the increased absorption of ZnO
affected by the plasmonic oscillation of RGO. According to
our results, the amount of the PL enhancement by RGO is
comparable to the findings of reports using mechanically
exfoliated single layer graphene sheets. This suggests that
solution-processed graphene can be used in numerous large-
scale, low-cost, and highly efficient optoelectronic devices.
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