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ABSTRACT: Plasmonic enhancement of two-photon-excited
fluorescence is not only of fundamental interest but also
appealing for many bioimaging and photonic applications.
The high peak intensity required for two-photon excitation
may cause shape changes in plasmonic nanostructures, as well
as transient plasmon broadening. Yet, in this work, we report
on strong enhancement of the two-photon-excited photo-
luminescence of single colloidal quantum dots close to
isolated chemically synthesized gold nanorods. Upon resonant
excitation of the localized surface plasmon resonance, a gold

QD

T )

nanorod can enhance the photoluminescence of a single quantum dot more than 10 000-fold. This strong enhancement arises
from the combined effect of local field amplification and the competition between radiative and nonradiative decay rate
enhancements, as is confirmed by time-resolved fluorescence measurements and numerical simulations.
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D ue to their unique properties associated with surface
plasmons, nanostructures based on metal nanoparticles
have been extensively studied for their potential in various
applications, such as surface-enhanced Raman spectroscopy, >
metal-enhanced fluorescence,”™ and second-harmonic gen-
eration.”” Plasmonic nanostructures were found to signifi-
cantly enhance the fluorescence emission of adjacent
chromophores as a result of the interplay of several factors,
including excitation enhancement because of the high local
field, spontaneous radiative emission enhancement from
resonant Purcell effect, and fluorescence quenching due to
nonradiative energy transfer to the metal.*’

Apart from the extensive research on the enhancement of
conventional one-photon-excited fluorescence,”'*~" the last
two decades have seen a growing interest in metal-enhanced
fluorescence under two-photon excitation, which is known for
the advantages of intrinsic optical sectioning, deeper
penetration into biological tissues, and, under certain
conditions, lower photodamage. Upon two-photon excitation,
a much larger fluorescence enhancement is expected because
of the quadratic dependence of two-photon absorption on the
excitation intensity. Starting from the 1990s, metal-enhanced
two-photon-excited fluorescence has been experimentally
demonstrated with lithographically made flat or patterned
metal films.”'*"> There have also been reports on the
enhancement of upconversion luminescence using plasmonic
nanoparticles.>'”

Wet-chemically synthesized metal nanoparticles have been
exploited as important alternative structures for plasmonic
enhancement.”''®'* Among many types of metallic nano-
particles, gold nanorods are the most extensively explored.
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Their intense electromagnetic fields associated with the
narrow, strong, and tunable plasmon resonance contribute to
large enhancement of the fluorescence signal of nearby
fluorescent emitters such as molecules and quantum dots.
Compared to metal surfaces and nanoparticle clusters,”””'
individual gold nanorods open the study of plasmon—
choromophore interactions in a more reproducible and
controllable way owing to their well-defined single-crystalline
structure. Compared to nanogap antennas, such as bowties,
dimers, or particles on mirror, nanorods present a more open
near field, which can accommodate molecules of various sizes.
Moreover, gold nanorods are chemically inert and biocompat-
ible; therefore they are particularly interesting for biotechno-
logical applications.

A few recent reports have successfully demonstrated
enhanced two-photon absorption and emission using various
systems of nanocomposites composed of colloidal nanorods
surrounded by fluorophores.””*~>> However, the enhancement
factors reported in ensembles are reduced by averaging over
many fluorophores, most of which are not in the best position.

Combined single-molecule and single-particle measurements
are needed to bridge the gap between theory and experiments.
Moreover, single-molecule and single-particle measurements
have the potential of revealing the intrinsic nature of the
plasmon—emitter interactions that is usually hidden in
ensemble experiments by nanoparticle inhomogeneities, such
as size fluctuations and local environment variations.
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Figure 1. Quantum dot and gold nanorod optical characterization. (a) Spectra of gold nanorods and quantum dots. The black and green solid lines
show the bulk extinction spectrum of gold nanorods dispersed in water and the one-photon-excited photoluminescence spectrum of an
immobilized single gold nanorod, respectively. One-photon absorption and emission spectra of the quantum dots diluted in water are shown as the
blue dot-dashed line and red dashed line, respectively. The vertical dotted line shows the wavelength of the Ti:sapphire laser. The blue vertical
arrow indicates the wavelength corresponding to the total energy of two excitation photons. The inset shows a simplified schematic of the
enhancement experiment (the yellow cylinders represent gold nanorods; core/shell circles, quantum dots). (b) Log—log plot showing the quadratic
dependence of photoluminescence emission of the quantum dots on the excitation intensity. The photoluminescence emission is from a 30 nM

quantum dot solution with 1 mM NaCl

While seemingly a straightforward idea, two-photon-excited
fluorescence enhancement with a single-emitter—single-nano-
structure system was investigated theoretically”® and only
achieved experimentally in a very recent work by Gong et al.,
where the two-photon-excited luminescence intensity from
single epitaxially grown InGaN quantum dots (QDs) was
enhanced by a factor of 5000 using the strong field
enhancement by a silver-coated pyramid structure at a
temperature of 7 K.*” Indeed, two possible major obstacles
stand in the way to experimentally testing the two-photon
fluorescence enhancement. First, the high peak intensities
required for efficient two-photon excitation might damage the
plasmonic structure, if not after a single pulse, certainly upon
repeated excitation by millions of pulses over long acquisition
times. Photothermal reshaping of gold nanorods under
femtosecond pulses”® " limits the laser intensity one can
use for two-photon excitation. Second, the excitation by
intense femtosecond pulses tremendously heats up the electron
gas by up to thousands of K, thereby broadening the plasmon
resonance’' and potentially hindering plasmonic enhancement.
Added to the difficulty of a precise positioning of a single
emitter with respect to the near field of plasmonic structures,
these two problems may hamper plasmonic enhancement of
two-photon excitation.

Our earlier studies have shown that, by exploiting the
random diffusion of single molecules around single gold
nanorods, the fluorescence of a low-quantum-yield dye could
transiently be enhanced by 3 orders of magnitude.*'®
Motivated by the theoretical limit to two-photon-excited
fluorescence enhancement, we exploited diffusion and transient
sticking of single colloidal QDs to study the strong
enhancement of their two-photon-excited luminescence by
single gold nanorods at room temperature. We find enhance-
ment of two-photon-excited luminescence by more than 4
orders of magnitude for single QDs in the vicinity of a single
immobilized gold nanorod at room temperature. The enhance-
ment factor shows a clear dependence on the nanorod’s surface
plasmon resonance wavelength and is maximum when the
resonance wavelength overlaps with the excitation laser
wavelength. The achieved enhancement is in good agreement
with the predictions of numerical calculations. The depend-
ence on surface plasmon resonance (SPR) wavelength and the
fair agreement with simulations show that the transient
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broadening of the plasmonic resonance by femtosecond
excitation is not a limiting factor for two-photon-excited
fluorescence enhancement by individual gold nanorods.

B RESULTS AND DISCUSSION

The colloidal QDs in our study (Qdot 655 ITK amino (PEG)
from Invitrogen) are CdSe/ZnS core—shell structures, which
are further coated with an amphiphilic polymer shell to enable
conjugation of amine-derivatized polyethylene glycol. The
shape of the core-shell is rod-like with a length of ~12 nm and
a width of ~7 nm.”> See Supporting Information for more
details about the QDs’ structure. The narrow emission band
centered at 655 nm is well away from the longitudinal plasmon
resonance of the gold nanorods, as can be appreciated in
Figure 1. This feature results in a good contrast of signal from
single quantum dots against a background from the intrinsic
luminescence of the gold nanorods if an appropriate bandpass
filter is used. Two-photon photoluminescence was excited by a
mode-locked Ti:sapphire laser operating at 76 MHz pulse
repetition rate and ~220 fs pulse width. The wavelength was
set to 775 nm to efficiently excite the longitudinal plasmon
resonance of the gold nanorods. More information about the
optical setup can be found in the Methods section and the
Supporting Information.

To determine whether the photoluminescence of QDs
generated by the femtosecond laser is a result of instantaneous
two-photon absorption, we measured the photoluminescence
emission intensity from a diluted aqueous suspension of Qdot
655 with respect to the average intensity at the center of the
focused excitation beam. Figure 1(b) plots this relation in log—
log scale, yielding a slope of 2.11 + 0.03, which confirms the
two-photon excitation origin of the observed luminescence
from the QDs.

Prior to the luminescence enhancement experiments, we
measured the one-photon-excited photoluminescence spectra
of gold nanorods immobilized on a coverslip and immersed in
water. We selected single gold nanorods through their narrow
and Lorentzian spectral shape for our later measurements
(Supporting Information, Figure S3). Afterward, the nanorods
were immersed in a 30 nM Qdot 655 solution with 3 mM
NaCl (inset of Figure 1(a)). Photoluminescence photons were
recorded on individual gold nanorods under the excitation of
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Figure 2. Enhanced two-photon-excited luminescence from single QDs. (a, b) Two-photon-excited luminescence intensity time traces (100 ms/
bin) taken on two single nanorods immersed in a 30 nM QD aqueous solution with 3 mM NaCl and (c, d) the corresponding one-photon-excited
luminescence spectra of the nanorods measured in water. The excitation intensity at the center of the two-photon excitation volume was 1.55 kW/
cm? (circularly polarized). The one-photon-excited spectra show a narrow Lorentzian line shape (green dashed lines), confirming that they are
from single nanorods. The low near-infrared response of the optics including the spectrometer CCD is responsible for the high noise. The
wavelength of the laser (775 nm) is also shown as the dashed vertical lines in (c) and (d).

the femtosecond laser with an average excitation intensity of
1.55 kW/cm? (1 uW at the objective focus) at the center of the
focused excitation volume. We note that this intensity is well
below that required for photothermal reshaping of a single gold
nanorod with a low number (~1 to 10*) of ultrafast
pulses.”* ™" Indeed, we did not observe any luminescence
intensity change from the gold nanorods upon femtosecond
irradiation, even after our extended measurements of several
minutes. Moreover, the measured one-photon-excited photo-
luminescence spectra of gold nanorods before and after
femtosecond irradiation showed no noticeable shift or changes.
Therefore, the nanorods were not reshaped during our
measurements. It is worth mentioning that most previous
studies on ultrafast reshaping of gold nanoparticles were done
with single or a few pulses. Under extended pulsed irradiation,
however, cumulative surface diffusion of gold atoms leads to a
much lower reshaping threshold in terms of average power.
Indeed, we started to observe reshaping for some nanorods
with an excitation power of >3 uW (intensity of 4.7 kW/cm?
with circular polarization).

Figure 2 shows two typical intensity traces (binned to 100
ms) from two gold nanorods whose spectra are shown in the
right panels. The spectra have been corrected for the spectral
response of the optical setup (see Figure S3). Intensity bursts
are observed for both nanorods, which we attribute to gold-
nanorod-enhanced photoluminescence emission of single QDs.
Some weak background signal comes mostly from the two- and
multiphoton-excited luminescence of the gold nanorods.”
Note that the bursts shown in Figure 2 last generally a few tens
of milliseconds to a few seconds.

We used two-photon-excited fluorescence correlation spec-
troscopy with a twofold purpose: first, to obtain the diffusion
time of our QDs in the confocal volume and, second, to
measure the single-QD brightness, needed to quantify the
enhancement factor.

The diftusion time of a single QD in the near field of a rod is
shorter than one microsecond, estimated from the diffusion
time in the confocal volume, measured by autocorrelating the
two-photon-excited luminescence of freely diffusing QDs
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(Figure S4). Thus, we attribute the bursts to transient sticking
of QDs onto the substrate and/or the gold nanorods (note that
the emitting part of a QD is separated from the gold surface by
the polymer coating, therefore sticking to a gold nanorod does
not necessarily completely quench its photoluminescence).
This nonspecific sticking effect was found in a few studies to be
strongly dependent on the properties of the diffuser and the
surrounding medium as well as the surface conditions of the
metal and substrate.'®**** In our case, the addition of a proper
amount of NaCl to the QD solution was essential for transient
sticking and, hence, for observing luminescence bursts. If no
NaCl was added, we saw only luminescence from gold
nanorods. On the other hand, when the NaCl concentration
was too high, the bursts were too long to be separated from
each other (data shown in Supporting Information Figure
S11).

From the correlation measurements explained in detail in
the Supporting Information, we obtained an average
unenhanced single-QD brightness of 1900 + 70 counts/s at
15.5 kW/cm? illumination intensity. We note here that this is
an ensemble-averaged result that may show significant
fluctuations when compared to single-QD data due to
variations from dot to dot, for example in size. We also note
that the intensity used for this unenhanced measurement is 10
times higher than the intensity used for the enhancement
experiment on a nanorod.

We attribute the large difference in burst intensities recorded
on the same gold nanorod to the random locations and
orientations of the QDs with respect to the gold nanorod.
Additionally, the size distribution of the QDs in our sample
contributes further to the intensity inhomogeneity of the
enhancement bursts. We observed that the more intense the
bursts are, the shorter they last, as can be seen in Figure 2.
Indeed we confirmed this behavior by plotting the burst
duration as a function of the burst detected intensity for an
enhanced time trace (see Supporting Information Figure S9).
In addition, we note that we did not observe characteristic
luminescence blinking of QDs.*>*” However, blinking may
occur either on a time scale shorter than our resolution or at
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Figure 3. Enhancement dependence on plasmon resonance. (a) Measured maximum two-photon-excited luminescence enhancement factors for 23
gold nanorods plotted against their plasmon resonance wavelengths are shown as gray circles. The numerically calculated overall enhancement
factors for two different models of QD luminescence (see text) are shown as red triangles and blue squares. Solid lines are guides to the eye. For the
calculations, the emitter is assumed to be located S nm away from the tip of the nanorod (green star in (b)). (b) Calculated near-field intensity map
of a 38 nm X_114 nm nanorod in water (surface plasmon resonance at 775 nm), excited with circularly polarized light. The wavevector direction is
indicated as k. (c) Calculated radiative rate enhancement (k,/kC, red circles, right axis) and relative additional nonradiative rate (K,,/k’, blue
triangles, left axis) of a QD as a function of the distance to the tip of the nanorod. (d) Calculated excitation enhancement (orange diamonds) and
emission enhancement (green squares and triangles) as functions of the distance to the tip of the nanorod. The squares and triangles correspond to
the two models mentioned above for (a). The excitation wavelength was 775 nm (circularly polarized) for both experiments and simulations.

times longer than the burst duration. We note that earlier
observations indicate that QD blinking is greatly suppressed
when coupled to plasmonic structures.”””’

Blank experiments were performed to verify that the bursts
are from gold-nanorod-enhanced single QDs. We recorded
time traces on a area without a nanorod under the same
experimental conditions. We also measured single nanorods
with the same excitation but immersed in 3 mM NaCl without
QDs. In both cases, we never observed any burst, as shown in
the example traces in the Suppporting Information (Figure
SS). Moreover, we recorded time traces on the same single gold
nanorod in solutions with different concentrations of QDs (6
and 30 nM). We found higher occurrence of bursts in the
solution with higher QD concentration (Figure S6), which
clearly demonstrates the linear dependence of burst frequency
on QD concentration.

The previous experiments convinced us that the bursts stem
from enhanced two-photon-excited luminescence of single
QDs. The size of the QDs is as large as the near field, so it is
unlikely that more than one QD resides in the near field. We
have to consider the possibility of aggregates of QDs, as we did
find evidence of them (Figure S4) with an occurrence of 20 per
300 s in the confocal volume. However, considering a near-
field volume that is ~2000 times smaller than the confocal
volume (V= 3 X 107 fL, Vi = 1.4 X 107> fL), the
probability of seeing one QD aggregate in the near-field in a
measuring time of 300 s is only 1%.

In order to calculate the luminescence enhancement factor,
we need to compare the two-photon-excited enhanced
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intensity with the unenhanced brightness of a single quantum
dot (i.e., count rate per dot). The former can be extracted from
the time traces in Figure 2, and the latter was obtained using
two-photon fluorescence correlation spectroscopy (FCS)."
The same QD solution used for the enhancement experiment
was excited with an average excitation intensity of 15.5 kW/
cm® (below saturation). By scaling with the quadratic power
dependence of two-photon-excited luminescence, we found the
count rate per dot to be 19.0 + 0.1 counts/s at an excitation
intensity of 1.55 kW/cm?® See the Supporting Information
(Figure S4) for details. The maximum intensity of the burst
shown in Figure 2(a) is 2.84 X 10* kcounts/s for circularly
polarized excitation. It is from a single QD enhanced by the
nanorod against a background signal of 2850 counts/s from
the nanorod and other QDs in the focal volume. On the basis
of an average brightness of 19.0 counts/s per QD measured
with FCS at the same excitation intensity, we calculate an
enhancement factor of 1.5 X 10* for circularly polarized light.
We used circularly polarized light to excite all the nanorods in
the glass surface, regardless of their orientation. If we would
use linearly polarized light parallel to the long axis of the
nanorod, we expect to observe a larger enhancement of 6 X
10*,

We would like to emphasize that the reported enhancement
factor comes from looking at the highest burst in a time trace,
as is commonly done in the literature. However, there are
other alternative methods to obtain the enhancement factor
from talle same type of experimental data, leading to similar
results.
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Figure 4. QDs enhanced photoluminescence lifetime. (a) Photoluminescence intensity trace and the corresponding lifetime trace (b) measured on
a single gold nanorod. (c, d) Calculated lifetime of a QD as a function of the distance to the tip of the nanorod, with different lifetimes indicated in
the legend. For the calculation, the size of the single nanorod is 38 nm X 114 nm with a plasmon resonance of 775 nm in water, corresponding to
the maximum enhancement. For (c) we assumed a constant radiative rate for all the species with a unity quantum yield for the longest component

(75). For (d) we assumed a unit quantum yield for all the species.

Comparison of Figure 2(a) and (b) clearly reveals that the
enhancement strongly depends on the longitudinal plasmon
resonance wavelength of the gold nanorod. The plasmon
resonance of the nanorod shown in the upper panel matches
the laser wavelength very well, giving rise to almost 1 order of
magnitude more intense bursts than the other nanorod, whose
resonance wavelength is ~30 nm away from the laser
wavelength. We repeated the measurements on 23 different
individual nanorods and plotted their maximum luminescence
enhancement factors in Figure 3(a). The strongest enhance-
ment was achieved by a nanorod with a surface plasmon
resonance wavelength of 771 nm. The time trace and spectrum
of this nanorod are those shown in Figure 2(a). We note that
our observation of two-photon-excited enhanced emission
gives evidence that the transient plasmon broadening is no
serious limitation to the two-photon enhancement.

To understand the measured luminescence enhancement
theoretically, we employed a finite-element method (Comsol
Multiphysics) and a boundary element method to model the
quantum dot—nanorod system. The photoluminescence
emission of an emitter in the vicinity of a gold nanorod is
altered through the modification of both the excitation and
emission rates, as illustrated by Khatua et al. considering a two-
level model.® For excitation intensities below saturation, we
can treat absorption and emission independently. This
assumption is justified because the saturation intensity is
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~2000 times higher than the incident laser intensity in our
enhancement experiments (Figure S8). Such a high saturation
intensity is well above the local field intensity that can be
attained by the nanorods used in our study, about 300 times
larger than the incident intensity (see Figure 3(b)). Therefore,
the overall enhancement factor is approximated by the product
of excitation enhancement and emission enhancement.® See
the Methods section for the details of the simulations.

In Figure 3(a), along with measured photoluminescence
enhancement factors, we plot the calculated overall enhance-
ment factors for point emitters that are S nm away from the tip
of the nanorod as a function of the plasmon resonance
wavelength of the nanorod, while the near-field intensity map
of the nanorod with the highest enhancement is shown in
Figure 3(b). From this map, it is straightforward to obtain the
excitation enhancement as E,, = (I/I,)% which is shown in
panel (d), left axis, as a function of the distance to the tip.

In Figure 3(c) we plot the calculated radiative rate
enhancement (k,/k?, blue triangles) and relative additional
nonradiative rate (K, /k?, red circles) of a QD against the
distance to the tip of a single nanorod. The size of the nanorod
in the calculation was 38 nm X 114 nm with a plasmon
resonance of 775 nm in water. The high additional
nonradiative rate due to the strong absorption of the gold
nanorod (quenching) leads to an emission “enhancement”
factor that is lower than unity.
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The emission enhancement is proportional to the inverse of
the emitter’s intrinsic quantum yield (see Methods), which is
not a priori known in our experiments. First, the quantum yield
of individual QDs varies due to the size distribution.*” Second,
it is known that the quantum yield of a single QD fluctuates
with time in a manner that is strongly correlated with the
luminescence lifetime.””~* Moreover, the presence of on—off
blinking and intermediate states*’ adds further complications
to the “on-state” quantum yield of a QD.

In addition to these unknown parameters of the system, we
modeled the measured luminescescence decay with three
exponential components (see Supporting Information Figure
S7 for details) for unenhanced QDs in solution. The obtained
lifetimes are 7, = 1.5 ns, 7, = 16.5 ns, and 7; = 46.2 ns. In the
absence of detailed information on the QD emission we used
two simple models to calculate the emission enhancement.
Model 1 assumes that the three components have the same
radiative rate k. We then use the measured decay components
to obtain the quantum yield for each component. We
additionally assumed a unity quantum yield for the longest
component. Model 2 assumes unity quantum yield for all three
components. In both cases we calculated the emission
enhancement for each component individually and then
averaged the results with the weights obtained from the
lifetime fit shown in the Supporting Information. The results
for the two models are plotted in Figure 3(a) as a function of
the SPR (model 1 as red triangles and model 2 as blue squares)
and Figure 3(d) as a function of the gold nanorod—QD
distance (model 1 as triangles and model 2 as squares). From
Figure 3(a) we see that these two extreme models reproduce
the resonance wavelength dependence quite well. The
experimental points lie between the two curves, showing that
these simple models do not give a complete quantitative
description of the system. Figure 3(d) shows the calculated
two-photon excitation enhancement and emission enhance-
ment as functions of the distance to the tip of the nanorod.
Overall, our experimental results agree well with theoretical
calculations for both the enhancement factors and the
dependence on the resonance wavelength. Therefore, compar-
ison to theory indicates that transient plasmon broadening, if at
all present, does not significantly reduce the two-photon-
excited fluorescence enhancement.

It is also of interest to investigate the impact of gold
nanorods on the photoluminescence lifetime of QDs. The
intrinsic two-photon-excited photoluminescence lifetime of the
QDs could not be accurately measured with our current system
due to the high repetition rate of the Ti:sapphire laser. We
noticed that it was reported that the photoluminescence
lifetimes of CdSe quantum dots under one- and two-photon
excitations are nearly identical.** Therefore, we measured the
complete photoluminescece decay of the same QD solution
with one-photon excitation by using a pulsed picosecond diode
laser (Power Technology, Little Rock) with a repetition rate of
1 MHz and a wavelength of 635 nm, and we obtained a
nonexponential decay with an average lifetime of 5.09 ns (see
Supporting Information for more explanation and Figure S7
for the curve). In the presence of nanorods, we obtained the
lifetimes of the enhanced two-photon-excited luminescence
from the recorded time-tagged single-photon data. The
instrument response function was measured by recording
luminescence photons from a nanorod in the same spectral
range as the QDs.> For each time bin of 100 ms, we recorded
a luminescence decay histogram and, after deconvoluting the
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instrument response function, fitted it with a single-exponential
function and plotted the temporal evolution of the lifetimes
(ie, a lifetime trace) in Figure 4(b). The corresponding
photoluminescence intensity trace from the same nanorod is
plotted as well in Figure 4(a) for comparison. We observed a
shortened lifetime smaller than 2 ns due to the presence of the
nanorod.

We also calculated numerically the photoluminescence
lifetime for a QD near the gold nanorod for the three
components using the simple model mentioned before. Figure
4(c,d) show the expected lifetime for each component and the
weighted average result for the two models presented before.
In both cases, the weighted average lifetime for a QD in the
vicinity of the gold nanorods is below 5 ns, in agreement with
the observed shortened lifetime. This strong shortening of
lifetime is a combination of an enhanced radiative decay rate
(k) and the additional nonradiative decay pathways due to the
dissipation of gold (k). The relation between luminescence
intensity and lifetime is complicated due to the interplay
between electromagnetic intensity enhancement and changes
of radiative and nonradiative decay rates.

Interestingly, we systematically found many photolumines-
cence bursts that show nearly constant or even increasing
intensities but shorter lifetimes. We speculate that this
interesting behavior may be a result of some photochemistry
that is happening to the QDs in the vicinity of the nanorods.
Oxidation of the QDs is unlikely the cause, as we observed the
same phenomenon after removing oxygen by saturating the
sample solution with argon gas (data not shown). With the
current set of data and experimental design, we are not able to
identify the underlying mechanism. Obviously, the emission
intensity and decay rates are strongly dependent on the QD
location with respect to the nanorod, which is not a priori
known in our case. Further investigations, preferably single-
emitter and single-particle studies with well-defined structures
and positions, are required to clarify this point.

B CONCLUSIONS

In summary, this work demonstrates the enhancement of two-
photon-excited luminescence from single emitters by wet-
chemically synthesized single gold nanorods. Quantum dots
with high two-photon brightness are used to detect enough
luminescence signal while maintaining the shape of gold
nanorods by using very low excitation intensity. An enhance-
ment factor of 15,000 (60,000 with linearly polarized light
parallel to the long direction of the nanorod) is achieved by
matching the plasmon resonance of a gold nanorod with the
excitation wavelength. This large enhancement results from the
plasmon resonance-enhanced strong near field at the tips of the
gold nanorods and the quadratic dependence of two-photon
absorption and the excitation intensity. We also observed a
significant change in the quantum dot’s luminescence lifetime
due to interaction with the nanorods.

The good agreement between our experimental results and
simulations suggests that luminescence enhancement is not
notably affected by the plasmon broadening due to the
presence of high electronic temperatures. We believe this study
sheds some light on metal-enhanced fluorescence and paves
the way for future studies of single-molecule—single-particle
plasmonic enhancement of two-photon-excited luminescence.
The luminescence enhancement by gold nanorods will be
valuable for two-photon fluorescence applications,””* espe-
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cially when a low excitation power is required by experimental
conditions.

B METHODS

Gold Nanorods. Aqueous suspensions of cetyltrimethy-
lammonium bromide (CTAB)-stabilized gold nanorods were
purchased from Nanopartz Inc. (A12-40-780-CTAB). The
average size was 38 nm X 118 nm by diameter and length.
Individual isolated gold nanorods (GNRs) were immobilized
onto a glass coverslip by spin coating suspensions with reduced
CTAB concentration.”” No interactions between GNRs are
expected because of the long interparticle distance (>1 pm).
After spin coating we removed the stabilization ligands from
the surface of the gold nanorods by ozone treatment for 30
min. This results in bare gold nanorods (ie., without any
ligands in their surface), allowing easy access for the quantum
dots. A typical multiphoton luminescence image of the
immobilized nanorods is shown in Figure S2.

Two-Photon Microscopy. We performed two-photon-
excited luminescescence measurements on a home-built
sample-scanning fluorescence microscope system. The glass
coverslip with deposited gold nanorods was immersed in a
dilute aqueous solution of QDs. A mode-locked Ti:sapphire
laser (Coherent Mira 900) was used as the two-photon
excitation source, operating at 775 nm, 76 MHz pulse
repetition rate, and ~220 fs pulse width. The excitation
power was measured at the output of the objective. Circular
polarization was used, as it excites all the GNRs irrespective of
their random orientation in the focal plane. Time-resolved
photoluminescence photons from QDs and gold nanorods
were recorded with an avalanche photodiode using appropriate
detection filters and processed with a time-correlated single
photon counting card (TimeHarp 200, PicoQuant GmbH). A
532 nm continuous wave laser and a spectrometer equipped
with a liquid-nitrogen-cooled CCD (Acton SP-500i, Princeton
Instruments) were used to measure the one-photon-excited
luminescence spectrum of each nanorod, which was shown
previously’” to closely resemble its scattering spectrum.
Spectra of nanorods were measured in water without QDs
prior to the enhancement measurements. Only single nanorods
evidenced by their narrow Lorentzian spectral lineshapes were
considered in this study. See the Supporting Information
(Figure S1) for a more complete description of the optical
setup.

Enhancement Factor Simulations. The excitation
enhancement was calculated with a finite-element method
using Comsol Multiphysics. The near-field intensity maps of
single gold nanorods with resonance wavelengths ranging from
711 to 824 nm in water were calculated. The resonance
wavelengths were tuned by changing the length while keeping
a constant diameter of 38 nm. The dielectric permittivity for
gold was taken from Johnson and Christy,” and the refractive
index of the ambient medium was taken as 1.33. The
theoretical excitation enhancement E,_ for two-photon
absorption is the squared ratio of local field intensities with
and without the nanorod, E,,. = I*/I %, at the emitter’s position.

We used a boundary element method (SCUFF-EM) to
evaluate the modifications of decay rates and emission
enhancement using a classical electrodynamics approach.*”°
For simplicity, a QD was modeled as a radiating point dipole
(po) oscillating at a frequency of , which corresponds to the
emission wavelength of the QD.

The time-average power radiated by a QD in a medium is
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where n is the relative index of the medium, c is the speed of
light, and &, is the vacuum permittivity. In the vicinity of a
nanoantenna, however, both the radiative and nonradiative
decay rates are modulated by coupling to the plasmonic
modes. The radiative rate enhancement factor (E, ;) due to
resonant Purcell enhancement can be calculated as the ratio of
the total radiated power by the emitter—antenna system (P, )
and the power radiated by an isolated emitter (P,):

Erad = kr/kro = rad/PrO

where k, and k are the radiative decay rates with and without
the antenna, respectively. Likewise, the additional nonradiative
rate (K,,) due to the dissipative losses inside the metal is
derived from the power absorbed by the nanorod (Py,):

Knr/kro = abs/Pro

In the simulation, P, was calculated by integrating the time-
averaged Poynting flux over the nanorod surface, which was
modeled as a spherically capped cylinder. The sum of P4 and
P, was calculated as>'

0)3

Pul@) + By(@) = — Ip,*[n-Im[G(r, r; @)]n]
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where G(r, r; ®) is the Green tensor at the emitter’s position r
and n is the unit vector in the direction of the dipole moment.
The emission enhancement factor can be written as
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where 7 and 7, are the quantum yield of the emitter with and
without the antenna, respectively. E,,, is proportional to the
inverse of the emitter’s intrinsic quantum yield for a given
emitter—antenna configuration, but independent of its intrinsic
lifetime. Due to emission enhancement, the luminescence
lifetime of the emitter is shortened:

T/TO = no_l(Erad + Knr/kro + 1/’7() - 1)_1
~ ”O_I(Erad + I<nr/k:r0)_1

In the calculation of E, 4 and K, it was assumed that the
point dipole is placed along the long axis of the nanorod with a
certain distance from the tip, and all the results were averaged
over the actual luminescence spectrum of the QD. Unlike a
fluorescent molecule, an elongated QD has three dipolar axes,
where two are degenerated. Therefore, we simulated both
orientations, parallel (]|) and perpendicular (L) and averaged
the results using 1/3(|[+2 L).

We modeled the three components with lifetimes 7; (i = 1, 2,
3) independently using the above approach and then averaged
the results using the weights w; obtained from the fit of the
natural lifetime decay (see Supporting Information, Figure S7).
We used two extreme models to assign the quantum yield of
each component. In model 1 we assume that the radiative rate
of all the components is the same, and we assigned a unity
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quantum yield to the longest component. In model 2 we
assigned a unity quantum yield to the three components.
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