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ABSTRACT: Graphene quantum dots (GQDs) are quasi-zero-dimensional,
carbon-based luminescent nanomaterials that possess desirable physical
properties, such as high photostability, low cytotoxicity, good biocompatibility,
and excellent water solubility; however, their long radiative lifetimes significantly
limit their use in, e.g., light emitting devices where a fast spontaneous emission
rate is essential. Despite a few reports on GQD fluorescence enhancements
using metal nanostructures, studies of enhanced spontaneous emission rate
remain outstanding. Here, we report fast and bright luminescence by coupling
gap plasmon modes to nanoparticle emitters. Through precise control over the
nanoparticle’s local density of states (LDOS), we achieved a 220-fold increase in
the PL intensity. The shortest radiative lifetime obtained was below 8.0 ps and
limited by the instrument response, which is over 288-fold shorter than the
lifetime of uncoupled GQDs. These findings may benefit the future
development of rapid displays and open the possibility of constructing high-frequency classical or quantum telecommunication
systems.

KEYWORDS: metal nanostructure, plasmon resonance, metasurface, graphene quantum dots, Purcell factor, nanogap cavities,
nanopatch antenna

To date, a wide variety of applications have been reported
for graphene quantum dots (GQDs), including heavy-

metal-free, high-color-purity deep-blue LEDs,1 UV photo-
detectors,2,3 solar cells,4 photodynamic therapy,5 Hg2+

detectors,6 single photon emitters,7 humidity and pressure
sensors,8 as well as frequency upconversion.9 Despite this
broad utility, the typical 2−5 ns radiative lifetimes of GQDs
have limited GQD applications in rapid displays and light
emitting devices, which demand fast spontaneous emission.10

In many organic dyes, synthetic structural modifications can
shorten radiative lifetimes by inducing either internal (i.e.,
internal rotation, electron transfer, proton transfer) or external
(i.e., Forster and Dexter energy transfer) quenching.11 The
rigid structure of GQDs, however, makes many of these well-
known techniques difficult to realize in GQD systems. In this
work, we instead achieve ultrafast emission by coupling the
GQD luminescence to plasmonic gap modes in nanopatch
antennas.
Here we demonstrate large emission rate enhancement by

coupling GQDs to gap-mode plasmonic cavities, called
nanopatch antennas or plasmonic nanogap cavities. Metallic
nanostructures with subwavelength features enable unprece-
dented control of interactions between optical waves and
nanoscale materials through the exploitation of localized
surface plasmon resonances. Localized surface plasmons
confine the incident optical energy into deeply subwavelength

volumes, producing large electric and magnetic field enhance-
ments.
According to Fermi’s golden rule, the spontaneous emission

rate (γsp) of an emitter is proportional to the local density of
optical states (LDOS)12
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where ω is the emission frequency, p is the transition dipole
moment of the emitter, r is the position, ε0 is the permittivity
of free space, and ρ(r, ω) is the electromagnetic LDOS at
frequency ω. The LDOS can be modified by changing the
electromagnetic environment, e.g., by introducing a high-Q
cavity or small-mode-volume plasmonic structure. In turn, this
modifies the spontaneous emission rate. The enhancement of
the spontaneous emission rate of an embedded emitter is
quantified by the Purcell factor as follows13
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where Q is the cavity quality factor, Vmode is the mode volume,
λ is the cavity’s resonant wavelength, n is the refractive index of
the medium, and γ0 is the spontaneous emission rate of the
emitter in free space. This formula indicates that a significant
increase in the emission rate requires an optical resonator that
can spatially confine light in a small mode volume for an
extended period. Thus, a plasmonic nanocavity could exhibit a
large Purcell factor due to the nanoscopic mode volume. In a
properly designed cavity, the local density of states can be
greatly increased, and GQDs in such a nanocavity are likely to
experience a substantial acceleration of their spontaneous
emission, as well as significant enhancement of their bright-
ness. There are some reports of GQD fluorescence enhance-
ment using single walled carbon nanotubes,14 silver nano-
particles,15 gold nanoslit cavities,16 silver nanoislands,17

magneto-plasmonic nanoparticles,18 silver nano-octahedrons,19

and gold nanoparticles.20 However, the effect of shortening
lifetime has not been discussed.
Here, we report lifetime enhancements of up to 288-fold and

bright luminescence from GQDs by coupling them to the gap
plasmon modes of nanopatch antennas. In this study, the
plasmonic nanogap cavities are comprised of silver nanocubes
separated from a silver film by a composite poly(vinyl alcohol)
(PVA) and GQD spacer layer (PVA/GQD), as shown in
Figure 1a. PVA has been previously reported as a good
dispersion matrix of GQDs.21 We measured the mean size of
the GQDs as 2.6 nm via dynamic light scattering (DLS) (see
Supporting Information Figure S1). The size is smaller than
the thickness of the typical gap layer which means that the

GQDs can be embedded in the nanopatch antennas. The thin
films were prepared by spin coating of an aqueous solution of
PVA and GQD on a 75 nm Ag film on a Si wafer. The
concentration of GQDs was fixed at 1 μg/mL. The
concentration of PVA was varied from 2.5 to 15 mg/mL in
order to obtain different thicknesses of the PVA/GQD gap
layer. Different gap spacer thicknesses were obtained depend-
ing on the PVA concentration and characterized by imaging
ellipsometry (nanofilm ep4, Accurion Inc.) (Figure S1).
Fabricating PVA/GQD layers with higher concentrations of
PVA resulted in a lower refractive index, which is explained by
the lower refractive index of PVA relative to that of GQDs.
Furthermore, there was a correlation between PVA concen-
tration and film thickness: a higher concentration of PVA
resulted in a thicker PVA/GQD layer, ranging from 4.5 to 44.5
nm. The standard concentration utilized for samples was 10
mg/mL PVA solution, which resulted in an ∼17.2 nm gap
layer. Next, 50 nm colloidal silver nanocubes with a
poly(vinylpyrrolidone) (PVP) coating were spin-coated onto
the PVA/GQD gap layer. Dispersion of silver nanocubes on
PVA/GQD was confirmed by SEM (Figure 1b). Very little
aggregation of the nanocubes was observed. A more detailed
fabrication procedure is described in the Sample Fabrication
Section of the Supporting Information.
First, to evaluate the plasmon resonance, the scattering

spectra of the plasmonic nanogap cavity samples were obtained
and are shown in Figure 1c. The scattering peak wavelength
red-shifted with increasing concentration of PVA and varied
from 445 nm (2.5 mg/mL PVA, 4.5 nm gap sample) to 678
nm (15 mg/mL PVA, 44.5 nm gap sample). Previous work has
shown that the plasmon resonance depends strongly on the
nanocube size, gap layer thickness, fill fraction, shapes, and
dielectric properties of the material in the gap.22−24 The

Figure 1. (a) Schematic of plasmonic nanogap cavities. They consist of 50 nm silver cubes surrounded by PVP, a PVA/GQD gap layer, and a silver
film substrate on a Si wafer. On the right is shown a 3D illustration of the plasmonic nanogap cavities. In the gap spacer region, the electric field is
strongly enhanced, leading to a fast emission lifetime and strong photoluminescence (PL) intensity. (b) SEM image with a top-down view (xy
plane). (c) Normalized scattering spectra of the plasmonic nanogap cavities and normalized PL spectrum of GQDs in PVA (red line). All samples
are made using the same conditions except for the concentration of the PVA, which is varied, and causing varying gap layer thicknesses during the
spin coating process. a, 2.5 mg/mL PVA, 4.5 nm gap; b, 5.0 mg/mL PVA, 7.4 nm gap; c, 10 mg/mL PVA, 17.2 nm gap; d, 15 mg/mL PVA, 44.5
nm gap.
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resonant wavelength of these samples was chosen to overlap
with both the excitation wavelength (λexc = 470 nm) and the
PL wavelength of the GQDs (λem = 538 nm). Next, PL
measurements were performed using an imaging spectrometer
(iHR 550, HORIBA, Ltd.) and a custom-built optical setup at
room temperature (further details are provided in the
Supporting Information). When plasmonic nanogap cavities
were excited with a focused pulsed 80 MHz 470 nm laser (Ti-
sapphire laser, second harmonic generation of 940 nm,
Chameleon, Coherent Inc.), strong PL intensity at the
wavelength overlapping with the scattering of the plasmonic
nanogap cavities was observed (Figure 2a). When comparing
samples with different concentrations of PVA, the highest
fluorescence intensity was obtained from plasmonic nanogap
cavities containing a 17.2 nm gap layer, primarily due to this
sample having the best spectral overlap between the GQD
emission and plasmon resonance, as seen in Figure 1c. For this
sample, the emission intensity was 220 times larger than that of

a reference sample consisting of a PVA/GQD layer on a quartz
substrate (Figure 2b).
The fluorescence enhancement factor (EF) of the nanopatch

structure is quantified as12

EF
QE
QE

ex

ex
0 0 0

γ
γ

η
η

=
(3)

where γexc is the excitation rate at the excitation wavelength, η
is the collection efficiency dependent on the numerical
aperture (NA) of the first lens, QE is the photon quantum
yield, and the superscript “0” indicates the quantities from the
reference sample, in this case GQDs on a quartz substrate. The
excitation rate enhancement, γexc/γexc

0 , is proportional to |Eexc/
Eexc
0 |2,25 where Eexc is the electric field at the excitation

wavelength. In order to evaluate the electric field enhancement
of the plasmonic nanogap cavities, finite-element method
(FEM) simulations were performed using COMSOL. Using
imaging ellipsometry and a Cauchy fit, the refractive index at

Figure 2. (a) PL intensity and scattering spectrum of a representative sample. The plasmon resonance is overlapped with both the excitation and
emission wavelengths of the GQDs. (b) Excitation power dependence of the PL intensity for each plasmonic nanogap cavity sample and for two
control samples, one consisting of PVA/GQD on quartz (black) and the other consisting of PVA/GQD on Ag without cubes (purple). The
reference samples were made by a 10 mg/mL PVA solution recipe except for using a quartz substrate instead of an Ag-coated Si wafer or without
Ag cubes. Dotted lines show linear fits to the data before saturation.

Figure 3. (a) Normalized simulated electric field enhancement at the excitation wavelength (λexc) shown in the xz plane. (b) Normalized electric
field intensity (E E/ 0| |) at the top of the PVA/GQD layer at λexc = 470 nm. A gap thickness of 17.2 nm consistent with that of films fabricated with
10 mg/mL PVA solution was used for this simulation. The observed symmetry breaking is due to the incident electric field being polarized in the
transverse electric (TE) direction.
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λem of the 10 mg/mL PVA sample was determined to be 2.16,
the extinction coefficient 0.025, and the film thickness 17.2 nm
(see Supporting Information Figure S1). Using these values,
the calculated absorption spectrum agrees well with exper-
imental results (Figure S3b). The fundamental resonance of
this structure is shown in the electric field profile of Figure 3.
The electric field enhancement occurred not only at the surface
of the silver cubes with the PVP layer but also inside the PVA/
GQD layer. The highest electric field enhancement, |Eexc/Eexc

0 |2

= 71, occurred at the top of the PVA/GQD layer adjacent to
the silver. Further, eq 3 signifies that the PL intensity of
coupled emitters is also proportional to the emission collection
efficiency. The nanopatch structure has previously been shown
to improve the collection efficiency with a 100× magnification,
0.9 NA objective lens by a factor of 4.5−5.5.12,13 Finally, eq 3
also signifies that the PL intensity depends upon the emission
quantum yield, which is known to be enhanced by the
nanopatch structure.12,13 The 220-fold enhancement of the
fluorescence intensity is therefore attributed to a combination
of the electric field enhancement at the excitation wavelength,
the emission collection efficiency improvement, and the
emission quantum yield enhancement.
To elucidate the PL enhancement contribution from

uncoupled GQDs on the silver film, an additional reference
sample was measured which consisted of GQD on an Ag film
(without any nanocubes). The PL intensity of GQDs on the
Ag film was 2.1-fold higher than GQDs on quartz (Figure 2).
However, the enhancement factor was less than 1/100
compared with the largest enhancement factor obtained with
the plasmonic nanogap cavities. This shows that the
contribution from GQDs that are only coupled to the
underlying Ag film is small. On the other hand, although the
plasmon resonance of the 44.5 nm gap layer sample matched
the excitation wavelength well, the PL intensity of the 44.5 nm
gap layer sample (56-fold) was lower than that of the 17.2 nm
gap layer sample (Figure 2b). To better understand this result,
a FEM simulation of the electric field enhancement of the 44.5
nm gap layer sample was performed using the optical constants
and the film thickness, as determined by imaging ellipsometry.
The experimental absorption spectrum was observed to be
broader than the simulation results (Figure S3c), likely
resulting from inhomogeneities in the relatively thick PVA/
GQD layer. The 44.5 nm gap layer sample had a higher

maximum electrical field enhancement than the 17.2 nm gap
layer sample (Figure S4c). The highest |Eexc/Eexc

0 |2 was 115.
However, the enhanced region was only in the vicinity of the
silver cube and was not coupled with the silver substrate,
resulting in weak field enhancement in most of the gap region.
This lack of coupling to the silver film was due to the large
thickness of the gap layer (44.5 nm). Therefore, GQDs in the
gap were unlikely to be located in the enhanced hotspot,
resulting in lower fluorescence enhancement. The field
enhancement from a silver nanocube only extends ∼20−30
nm,26 which is less than the gap thickness of 44.5 nm for this
sample. This further supports the hypothesis that substantial
field enhancement in the gap only occurred within a close
vicinity of the nanocubes.
Next, PL lifetime measurements were performed using time-

correlated single photon counting (TCSPC). Details on the
experimental method are provided in the Supporting
Information. The intrinsic GQD lifetime of GQDs in water
was measured to be τ0 = 2.4 ns, and the decay was well-
modeled by a single exponential fit (Figure 4a), which is
consistent with previous reports.10 The fluorescence decay of a
PVA/GQD film on quartz was biexponential, where the fast
and slow lifetimes were found to be τfast = 0.26 ns (39%) and
τslow = 2.31 ns (61%). The radiative lifetimes of the plasmonic
nanogap cavities were faster than the full width at half-
maximum (fwhm) of the utilized avalanche photodiodes
(APDa, Micro Photon Devices s.r.l., 35 ps fwhm). Hence,
the lifetimes of the plasmonic nanogap cavities were calculated
by deconvolution with the system’s measured instrument
response function (IRF) through a least-squares approach.27 In
general, deconvolution approaches can allow lifetimes
substantially shorter than the fwhm of the IRF to be recovered.
Twenty different locations on the sample were measured, and
τfast was found to vary from 4.2 to 23 ps (Figure 4b). However,
there is a limit imposed by the digitization of timing pulses
with 4 ps time bins and therefore reliable recovery of lifetimes
can only be performed down to an 8 ps lifetime, as given by the
Shannon−Nyquist theorem.28,29 The fastest fluorescence
lifetime of τfast ≤ 8 ps, which corresponded to a Purcell factor
of over 288, was obtained from the 7.4 nm gap layer sample.
The locational variability in τfast in a given sample was
attributed to the positioning of individual emitters in the gap

Figure 4. (a) Representative time-resolved PL curves from each sample studied. (b) τfast of plasmonic nanogap cavity samples (red bars, left axis),
PVA/GQD and water solution (blue bars, right axis). The error bars are standard deviations as calculated from measurements on 20 different
locations on each sample.
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relative to electric field enhancement “hot spots”, which
increased the emitter LDOS.
The lifetime is related to the modified LDOS at the emitter

position, where the LDOS is associated with the inner product
of the electromagnetic field enhancement and the transition
dipole moment of the emitter.44 The electric field enhance-
ment was simulated at both the emission wavelength of the
GQDs (λ = 538 nm) and the center of the plasmon resonance
(λ = 590 nm) by the same procedure as described above and
shown in Supporting Figures S5 and S6, respectively. The
maximum intensity of |E/E0| at the emission wavelength in the
PVA/GQD gap region was observed for a gap thickness of 17.2
nm, and the maximum intensity of |E/E0| at the plasmon
resonance wavelength was observed for a gap thickness of 7.4
nm, providing insights into the faster lifetimes for these
samples. Furthermore, the orientation of the emitter transition
dipoles relative to the electric field gap mode in the plasmonic
nanogap cavities is an important factor in estimating the
enhancement of the radiative lifetime.12 The direction of the
transition dipole moment of GQDs depends on the modifying
chemical function groups at the edge.30 The GQDs used here
are water-solvable and contain an oxygen atom modification,
and the modification position is random. Hence, the transition
dipole moment of the GQDs is assumed to be random in the
structures studied here. The GQDs have the maximum rate
enhancement, γsp/γ0, when the dipoles are vertically oriented;
however, the experimentally observed enhancement is lower, as
some emitters in the plasmonic nanogap cavities do not have
optimally oriented transition dipoles.
This work used a nanopatch antenna structure, which has

one of the highest LDOS of all nanophotonic architectures.31

According to eq 1, this, in turn, results in a high Purcell factor.
Hence, the enhanced lifetimes reported in this work are
consistent with previous literature reports of other emitters.12

Compared with results of plasmonic enhancement of organic
dyes, the τfast of ≤8 ps reported in this work is on the same
order as other works (Table 1). However, the lifetimes we
obtained were limited by the temporal resolution of the APDs
utilized. Alternatively, upconversion techniques have been
shown to measure lifetimes as short as 40 fs.32 This opens the
possibility to characterize the lifetimes of plasmonically
coupled GQDs at even higher speeds. The GQD nanopatch
antenna structure has the potential to be the fastest system not
only within plasmonically coupled GQDs but also within any
plasmonically coupled organic dye.
In previous literature examples, organic dyes for which

structural rotation allowed rapid excited state relaxation were
found to have a lifetime of 2.2 ps.33 Furthermore, aggregation
in α-perylene crystals has been observed to result in

fluorescence lifetimes as short as 1.4 ps.34 Both of these
reported values are of the same order of magnitude as the
results presented in this work. Thus, the nanoantenna
structures utilized here provide fluorescence lifetime enhance-
ment of organic dyes on par with more synthetically
challenging relaxation techniques.
In conclusion, we demonstrated large enhancement of both

the emission lifetime (288-fold) and the PL intensity (220-
fold) of nanopatch-antenna-coupled GQDs. The fastest
fluorescence lifetime is τfast ≤ 8 ps, which to the best of our
knowledge is the highest speed reported in plasmon-coupled
GQDs. The experimental results show good agreement with
finite-element simulations, indicating the possibility of tailoring
the fluorescence lifetime by suitably designing the plasmon
resonance of the structure. The lifetime of ≤8 ps has the
potential to provide control above 10 Gbps switching.
Nanogap plasmonic cavities provide an alternative route to
accelerate the lifetimes of organic dyes without special
molecular design or crystallization processes. Furthermore,
the PL wavelength of GQDs is tunable via the size of the
GQDs or functionalization.43 We demonstrated that the
plasmon resonance wavelength was also changeable by only
changing the thickness of the PVA/GQD gap layer via
modifying the concentration of the PVA. The methods
provided in this report will enable the design of plasmonic
cavities with resonances matching the emission of any GQD
variant of interest. The architecture presented here could be
employed for high-speed displays and high-speed quantum
communication in the visible band, since the GQD has been
reported as an excellent single photon source.8
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