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ABSTRACT: Optical properties of quantum dots can be
drastically changed by surface plasmons excited in neighboring
metallic nanostructures. Here we investigated the photo-
luminescence enhancement dependence of single quantum
dots on the separation distance with Au microplates by a single
particle spectroscopy. The quantum dot—Au microplate hybrid
structures provided a photoluminescence enhancement of up
to ~16-fold when the separation distance between the surface
of Au microplate and the center of QD was 18 + 1.9 nm.
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Accordingly, the lifetime of those quantum dots was shortened compared with the ones on glass plates directly. Theoretical
simulation revealed that the variation of photoluminescence enhancement was closely dependent on the separation distance
between the QD and the Au microplate, in good agreement with the experimental results.

B INTRODUCTION

Surface plasmons (SPs) are electromagnetic waves coupled to
the collective oscillations of free electrons on metal surface. The
resonant excitation of SPs on metallic nanostructures provides
ways to localize, guide, and manipulate electromagnetic waves
beyond the diffraction limit and to tailor light-matter
interactions down to nanometer scale, which has enabled a
rich variety of new fundamental techniques and applications
including plasmonic photovoltaic cells," surface-plasmon
enhanced spectrosco4pies,2_9 photochemistry,'°~"? bioimagin%
and the1‘apeutics,13’1 15,16 superlenses,17 nanolasers,’

and quantum optics. Taking the advantage of SPs excited
in neighboring metallic nanostructures, optical properties of
semiconductor quantum dots (QDs) in particular, can be
significantly modified.”*~* Besides the desirable intrinsic
properties and the specially designed micro/nano structures,
the relative position of QDs with the metallic structures,
particularly the distance, plays a crucial role in the achievement
of strong photoluminescence (PL) enhancement of the QDs.
For instance, the effective coupling between a single QD and a
metal film could be achieved by optimizing the thickness of the
polymer layer between the isolated QD and the metallic film
surface. >~ Comparing with the QDs coupled with metallic
nanoparticles by constructin§ complex chemical linkage or
dielectric shells in between,*** the coupling between QDs
and metal films can be easily achieved by a simple spin-coating
method.””~*” However, metal films are usually fabricated using
metal evaporation and deposition method with polycrystalline
structure and rough surface. It has been reported that the strips
fabricated by metal deposition suffered larger energy loss for
surface plasmon compared with metal nanowires synthesized by
a wet chemical method with single crystal structures and
smooth surfaces due to scattering off the rough surfaces and the
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grain boundaries in the strips.** Moreover, surface propagating
plasmon modes on metallic films could not effectively couple to
light due to the momentum mismatch between photons and
electron motions.” As an alternative, Au microplates, which are
synthesized by a wet chemical method and grow as single
crystals with the size of tens of micrometers,*** shows
advantages over metal films, such as the regular single-
crystalline structure which could reduce the energy loss of
SPs and the microplate boundary for localizing SPs
propagating. Comparing with the QDs in size of several
nanometers, Au microplates are equivalent to a very large plane
which can be used as a simple and effective substrate for surface
enhanced fluorescence.

In this paper, we reported the engineering of coupling
between single CdSeTe/ZnS QDs and single Au microplates,
and investigated the dependence of PL properties of the QDs
on the separation distance between the surface of the Au
microplates and the center of the QDs. By precisely controlling
the thickness of poly(methyl methacrylate) (PMMA) separat-
ing layer in between, we observed gradual changes on the QD
PL intensity and lifetime. Up to ~16-fold PL enhancement was
experimentally achieved when the separation distance was 18 +
1.9 nm, and accordingly, the shortest PL lifetime was observed.
The PL dynamics related to the separation distance was well
explained by theoretical simulations based on the enhanced
dipole emitter model. This hybrid structure may have potential
applications in quantum light source and biological imaging.
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B EXPERIMENTAL METHODS

Au microplates were synthesized by seed growth method
following the previous works.**® The reaction products were
diluted with acetone and centrifuged at 2500 rpm for 20 min
and then washed twice with deionized water. The products
were then filtered by a microporous membrane with porous
diameter of 1 ym to keep only the big-size Au microplates.
Finally, the Au microplates on membrane were collected and
redispersed in deionized water for further use. The morpho-
logical features of the Au microplates were characterized by an
atomic force microscope (AFM, JPK NanoWizard II). The
fabricated Au microplates were a mixture of hexagonal-
truncated triangular shapes as shown in Figure la, with a
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Figure 1. (a) AFM image of an Au microplate. (b) Line analysis across
the Au microplate in part a. (c) Extinction spectrum of Au microplates
covered by a layer of PMMA in a glass substrate.

size-distribution of ~35 + 10 ym. The Au microplates could be
well dispersed with very low density and spin-coated on glass
substrates without overlapping. In Figure 1b, the line analysis of
AFM image indicates that the Au microplates were around 55
nm in average thickness. The surface quality of the Au
microplates was examined in nanometer and micrometer scales
using the AFM (Figure S1, Supporting Information), indicating
a planar and smooth surface with about +0.5 nm fluctuation
because of the seed-growth single crystal structure of the Au
microplates.**¢ Here, the coupling of the QD-Au microplate
hybrid structures is performed by PMMA films. The optical
property of the Au microplates covered by a layer of PMMA
film on a glass substrate was first investigated with a UV—
visible—NIR spectrophotometer (JASCO V-570). Figure lc
displays optical extinction spectrum of PMMA-covered Au
microplates on a glass substrate. Only one broad absorption
band with the maximum absorption around 840 nm is
observed, which originated from the in-plane quadrupole
resonance of the Au microplates.*

To demonstrate the PL dynamics of QDs coupled to Au
microplates, we engineered the separation distance by a PMMA
separation layer with nanometer-scale thickness in between.
The hybrid structure samples as shown in Figure 2a were
prepared as follows. First, dilute suspensions of Au microplates
in deionized water were spin-coated on clean glass substrates.
After drying the substrates in air, PMMA films were prepared
by spin-coating at 3000 rpm for 60 s as separation layers
between the Au microplates and the QDs. The thicknesses of
the PMMA layers were tuned from S to 150 nm by changing
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Figure 2. (a) Sample schematic and (b) Relationship between the
thickness of PMMA films and the concentration of PMMA solutions.
The inset in part b shows an AFM image of one groove scratched in
the PMMA film with concentration of 1.0 wt % and a corresponding
line analysis across this groove.

the mass concentrations of PMMA solutions by 0.1, 0.2, 0.3,
0.4, 0.5, 1.0, 2.0, and 3.0 (wt %) as shown in Figure 2b.
CdSeTe/ZnS core—shell QDs with fluorescence emission
centered at ~800 nm were used as probes to demonstrate
plasmonic enhanced PL of single QD coupled to Au
microplates. Transmission electron microscope (TEM) and
AFM characterizations indicated that the CdSeTe/ZnS QDs
had a wedgelike shape and a height of about 10 nm (Figure S2).
The QDs with a concentration of 1 M (Invitrogen, SKU#
Q21771MP) were diluted to 1 nM with acetone. Then a drop
of QD solution was spin-coated on the PMMA-coated Au
microplates. Finally, the QDs were covered with a PMMA film
of about 15 nm thickness to avoid photooxidation during laser
excitation. A reference sample without Au microplates was
prepared in the same way. The thicknesses of the PMMA films
between Au microplates and QDs played a critical role in
controlling their mutual coupling strength. Using the AFM, we
checked the precision and reproducibility of the PMMA films
by examining the film thickness variation for different slides
with the same spin-coating procedure in a certain PMMA mass
concentration, and estimated the PMMA film uniformity by
examining the film thickness variation along the grooves
scratched in the films across the substrate. The results indicated
that when the PMMA mass concentration was below 0.5 wt %,
the PMMA film thicknesses had a small fluctuation for different
slides with the same spin-coating procedure, showing good
precision and reproducibility. Furthermore, the film thicknesses
in this concentration range also showed a good uniformity due
to the small variation in the film thicknesses measured in the
different locations along the grooves. However, when the
PMMA mass concentration was beyond 0.5 wt %, the precision,
reproducibility, and uniformity of PMMA films became worse,
because the viscosity of the PMMA solutions became large with
the PMMA mass concentration increasing, and as a result, it
became difficult for the PMMA solutions to be uniformly
spread across the substrates. To clarify whether the PMMA film
thickness obtained in Figure 2b was consistent with that on Au
microplates, we took the AFM images of an Au microplate
without and with a PMMA layer of about 15 nm as shown in
Figure S3. Detectable accumulation zone around the edge of
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the Au microplate was not observed. Furthermore, the
implementation of the PMMA layer did not change the Au
microplate thickness. Therefore, the PMMA layer thicknesses
measured with and without Au microplates were consistent.
The PMMA thicknesses obtained in Figure 2b were also
representative of those on top of the Au microplates.
Considering the height of QDs, the separation distance
between the surface of the Au microplate and the center of
the QDs should be the sum of the half height of the QDs (S
nm) and the thickness of PMMA separation layer.

Using a scanning confocal microscope system, the PL
properties from a single QD on single Au microplates as well as
on glass plates were investigated. A 532 nm solid-state laser
(continuous wave) was used as the excitation source. The laser
beam was focused into diffraction-limited spot on a single QD
by a high numerical aperture microscope objective (NA = 0.95,
%100). The PL from the single QD was collected by the same
microscope objective, and after spatial and spectral filtering sent
to a silicon avalanche photodiode single-photon detector for
monitoring the intensity or to a spectrometer (SpectraPro-300i,
Acton Research Corporation) for spectrum analysis. The
spontaneous emission decay lifetime of a single QD was
measured using time correlated single photon counter
(TCSPC) when the excitation laser source was replaced by a
frequency-doubled mode-locked pulsed Yb-doped fiber laser.
The pulse width, wavelength, power, and repetition rate were
10 ps, 520 nm, 50 yW, and 1 MHz, respectively.

B RESULTS AND DISCUSSION

PL properties from single QDs on single Au microplates with
PMMA separating layers of different thicknesses as well as on
glass were studied by the scanning confocal microscope. The
excitation laser power was maintained at about 0.28 mW in
order to achieve a high signal-to-noise ratio of the QD
photoluminescence while keeping the single-photon detector to
work below saturation. In this way, the excitation conditions
were ensured to be the same for the QDs on the glass and the
Au microplates. To achieve single particle detection within the
diffraction limited area of the microscope objective, the QD
concentration was diluted to 1 nM so that the QDs after the
spin coating dispersed very well on the PMMA films. A
representative AFM image of the dispersity of the QDs on a
PMMA-covered Au microplate is presented in Figure S4, from
which we can see that the QDs dispersed very well and most of
the interparticle distances between two QDs are beyond the
radius of the diffraction limited area of the 100X microscope
objective (about 0.12 ym). We examined the single QD PL
properties on 3—4 glass slides with the same spin-coating
procedure for each PMMA separation distance as well as 2—4
Au microplates for each slide. Actually Au microplates also
exhibited a visible PL when excited by a 532 nm laser. Figure S5
shows fluorescence image and spectrum of an Au microplate. It
could be seen that the QD fluorescence around 800 nm located
the tail of the Au fluorescence spectrum, thus a short-pass filter
cutting off at 780 nm was used to remove the PL from the Au
microplates and other stray noise photons. To avoid the edge
effect of the Au microplates, only the QDs locating close to the
center of the Au microplates were examined. We chose an Au
microplate around the center of the glass slide by a CCD
camera. Then the fluorescence image of this Au microplate was
obtained by the computer controlled scanning confocal
microscope (Figure SS), in which the scanning area could be
chosen at the center of the Au microplate and QD emitters
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within this area were recorded. About 20 individual QDs for
each sample were studied.

Parts a and b of Figure 3 show scanned fluorescence images
of single QDs on a glass plate as well as on an Au microplate
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Figure 3. Confocal fluorescence images of single QDs on glass (a) and
on an Au microplate with an application of about 13 nm PMMA
separating layer (b). PL emission spectra (c) and decay curves with
double exponential fitted curves (green curves) (d) of single QDs on
glass and on an Au microplate with about 13 nm PMMA separating
layer. The decay curves in part d have been deconvolved from the
instrument response function.

with a 13 nm PMMA separating layer. The emission intensity
of the single QDs on glass was quite low but was strongly
enhanced on the Au microplate. A typical PL spectrum from a
single QD on Au microplate with a 13 nm PMMA separating
layer together with that of a single QD on glass is exhibited in
Figure 3¢, and the corresponding fluorescence decay curves are
shown in Figure 3d. It could be seen that the QD PL intensity
was enhanced with about 16-fold when the QD was on the Au
microplate. This PL intensity enhancement value was about 3—
6 times larger than that obtained in the hybrid structures of
single QDs and conventional metal films.****** It could also be
noticed that the PL spectral profiles of the QDs with and
without Au microplate were identical, indicating that the
spectral properties of the QD were retained. The time-resolved
PL of single QDs was measured by using TCSPC technology
with a pulsed laser excitation. Those PL decay curves were
convolutional results of the real decay curves and the
instrumental response function. A combination of the phase
plane method and iterative convolution method was used in
making deconvolution to obtain the real fluorescence life-
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times.*”*® The fluorescence decay curves of the QDs on glass

and on the Au microplate in Figure 3d exhibit a nonsingle
exponential behavior, but can be fitted well by a double
exponential decay function

I(t) = A exp(—t/7) + A, exp(—t/7,) (1)

where 7, and 7, are the shorter and longer lifetimes of the
fluorescence emitter, respectively, and A, and A, are their
respective amplitudes. The double exponential decay behavior
of the QD fluorescence might stem from nonradiative decay
processes, e. g. Auger process, energy transfer from QDs to Au
microplates (see Supporting Information for detailed dis-
cussion). The average lifetime for each sample are given by

_ AITI2 + AZ‘L'ZZ
At + Ay,

! )
The bare QD on glass showed an averaged lifetime 7, = 1.61 ns
(blue curve in Figure 3b). In contrast, an apparent decrease of
the lifetime of the single QD on the Au microplate was
observed with 7, = 0.57 ns (red curve in Figure 3b). Clearly,
the PL decay of the QD-Au microplate hybrid structure was
faster than that of the bare QD on glass, suggesting that the PL
decay rate of the QD was substantially affected by the Au
microplate. Identical results in terms of PL enhancement and
lifetime decrease were observed for the samples with PMMA
separation layers of different thicknesses. Parts a and b of
Figure 4 show the dependence of the PL intensity and the
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Figure 4. Dependence of PL intensity (a) and average lifetime (b) of
the QDs coupled with Au microplates on the separation distance. The
error bars in parts a and b were determined by the standard deviation.

average lifetime of single QDs coupled with single Au
microplates on the separation distance, respectively. It could
be clearly seen that with the separation distance increasing, the
PL intensity first rapidly increased and then fast decreased. On
the contrary, the PL average lifetime behaved the opposite way
as the PL intensity. Specifically, the optimum separation
distance, corresponding to the maximum PL intensity and the
minimum average lifetime of single QDs (namely, a ~16-fold
enhancement of PL intensity and a ~3-fold increase of decay
rate, compared with those of the bare QDs in PMMA on glass,
i.e. 6.2 kcounts/s and 1.61 ns), was 18 + 1.9 nm. The physical
insight into this behavior of the PL intensity of the QDs
dependent on the separation distance will be discussed below
combined with theory simulations. It was also seen that the PL
intensity of the single QDs showed a little fluctuation at each
separation distance. In Figure 2b, we have known that the
PMMA film thickness showed a fluctuation even in the same
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spin-coating procedure. As the PL intensities of the QDs
strongly depended on the gap distance between the QDs and
the Au microplates, especially in the near filed area of surface
plasmon resonance of the Au microplates, it could be expected
that the QD PL intensities also had a fluctuation range. And
actually when QDs were directly placed on Au microplates, the
PL was completely quenched due to the ultrafast energy
transference from the photoexcited QDs to the Au micro-
plates.**~*

To analyze the PL dynamics of single QDs on Au
microplates, an electromagnetic model based on the interaction
of a dipole and the rough surface of ellipsoid is introduced.*’
For a radiative dipole (i.e., organic dye molecules or QDs)
under weak excitation (no saturation), the emission rate 7., is a
two-step process involving the excitation rate y.. and the
emission probability represented by quantum yield q = 7,/(y, +
Yar) = Ve/Vy with ¥, 7, and 7, (sum of 7, and y,,) being the
radiative, nonradiative and total decay rates, respectively.”>>° In
this hybrid structure, Au microplates modified both steps of the
QD PL process (Ve and q) by SPs coupling to light. During
excitation, the incident light excited not only the QDs but also
SPs in the Au microplates. The SPs enhanced local field
coupled to the QDs and increased ... In the subsequent
emission process, the presence of the Au microplates altered
the quantum yield via modification of both radiative and
nonradiative decay rates. According to the Purcell effect,!
QD’s radiative decay rate was altered due to the changes in the
local electromagnetic density of states introduced by the Au
microplates. Additionally, as the separation between the QDs
and the Au microplates decreased, the nonradiative rate of the
QDs increased due to ultrafast energy transfers to the Au
microplates.

To describe the process more quantitatively, theoretical
simulations were carried out in order to investigate the variation
of PL properties of the QDs on the separation distance using
the finite difference time domain (FDTD) method with the
software FDTD Solutions 8.4. The QD was treated as a point
dipole emitter emitting at 800 nm. The refractive index of
background was set to 1.46, which matched with that of PMMA
that the QDs were embedded in. The ¥,, 7,,, and ¥, of the point
dipole emitter with different separation distances from the Au
microplates were calculated, as shown in Figure Sa. The
excitation enhancement 7, the quantum efliciency g, and the
PL emission enhancement 7., of the QDs coupled to the Au
microplates based on the dipole emitter model as a function of
the QD-Au microplate separation were calculated according to
nexc ~ }/r/yr,O) ‘1 = rlexc/(yt /yt,O)l and nem = nexcq (subscript 0
refers to the bare QD in PMMA on glass slide),
respectively,”>® which are displayed in Figure 5 together
with the experimental PL enhancement. Figure Sb shows the
calculated 7., and q values as a function of the separation
distance between the surface of the Au microplate and the
center of the QD. It could be seen that the 7, and g behaved
oppositely with the separation distance. The competition
between them determined the optimal separation distance, in
which the highest PL intensity enhancement could be achieved.
Figure Sc shows the calculated PL emission enhancement 7.,
as a function of the separation distance with the experimental
data f. Here, the experimental data of PL emission enhance-
ment was defined as I, / I, where I, was the PL intensity of
single QDs on Au microplates, and I, was that of single QDs on
glass slide. In the calculation, we used the point dipole emitter
to represent the QD. The separation distance used in the
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Figure S. (a) Radiative 7, nonradiative y,, and total y, decay rate
enhancement for a point dipole emitter (emission wavelength at 800
nm) above an Au microplate as a function of the separation from the
center of the dipole to the surface of Au microplate. (b) Calculated
excitation rate enhancement 7, and quantum yield g as a function of
the separation distance between the surface of Au microplate and the
center of QD. (c) Calculated PL emission enhancement 7, as a
function of the separation distance. The PL enhancement factor f
obtained by experiment is also presented for comparison.

simulation was from the center of the QDs to the surface of the
Au microplates taking into account the refraction index of
PMMA layers in between. Consequently, the theoretical
simulation agreed well with the PL intensity enhancement,
reaching the maximum at the separation distance of 18 + 1.9
nm (namely, 13 + 1.9 nm PMMA separating layer).

In Figure Sc, it could be also noticed that the maximum PL
intensity enhancement for theory was only ~3.4, much lower
than that for experiment (~16). The theoretical simulation was
carried out in the ideal conditions, such as uniform light field
distribution in the simulation region, an ideal point dipole
emitter to replacing QD, a plane wave light source to replacing
the laser with Gaussian beam et al. Furthermore, the absorption
efficiency of the QDs to excitation laser and collection
efficiency of the objective to the QD fluorescence improved
by high reflectance of smooth Au microplate surfaces were also
important factors contributing to the difference between the
simulated and experimental PL enhancement, which were also
the origination that the PL intensity on Au microplates with a
155 nm PMMA film was about 2 times higher than that on
glass in Figure Sc, although the near field enhancement effect
from Au microplates was almost not active on the QD PL in a
so large separation distance. But they were not considered in
the theoretical simulation. The different conditions in experi-
ment might cause the large deviation of the maximum PL
intensity enhancement from the theoretical simulation.

Bl CONCLUSIONS

Using the single particle spectroscopy, we have investigated the
PL behavior of a single CdSeTe/ZnS core—shell QD on a
single monocrystal Au microplate with a PMMA separation
layer between them. When a QD was directly placed on the
surface of Au microplate, the QD PL was completely quenched.
By varying the thicknesses of PMMA separating layers, these
hybrid structures exhibited enhanced PL intensity as well as
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shortened lifetime induced by surface plasmon resonance of Au
microplates. A clear effect of distance dependent PL intensity
enhancement was observed. The maximum ~16-fold PL
enhancement of a single QD was experimentally determined
to occur at 18 + 1.9 nm separation distance between the
surface of Au microplate and the center of QD, which showed a
good agreement with the theoretical simulation based on
FDTD method. Our results indicated that by carefully
engineering the separation distance of QDs and Au microplates,
the PL dynamics would be changed desirably. This study may
pave the way to design nanoscale infrared light sources, sensors,
and active devices.

B ASSOCIATED CONTENT
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Surface quality examinations of Au microplates, shape and size
characterization of the core—shell QDs by TEM and AFM,
AFM images and line analysis of an Au microplate without and
with an application of about 15 nm PMMA layer, the dispersity
of the QDs on a PMMA-covered Au microplate, fluorescence
image and spectrum of an Au microplate excited by a 532 nm
laser, and a discussion about double exponential decay
mechanism of QD fluorescence. This material is available free
of charge via the Internet at http://pubs.acs.org.
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