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ABSTRACT

We investigate the interaction between propagating surface plasmons in silver nanowires and excitons generated in quantum dots. We show
propagating surface plasmons can excite excitons, which results in quantum dot emission. In this process, the energy is directly transferred
from the propagating surface plasmons to the excitons without converting to photons. Furthermore, we demonstrate the reverse process

where the decay of excitons generates surface plasmons.

Surface plasmons (SPs) are collective electronic excitations
evanescently confined along the interface of a conductor and
a dielectric. SP resonance-based research and its applications
has emerged as a very active field (generally referred to as
“plasmonics™).!> SPs can propagate in metallic structures
with dimensions much smaller than the wavelength of light
and, thus, possess great potential for nano-optics and optical
interconnects.> > Recently, the propagation of SPs in Ag
nanowires (NWs) has received increasing attention.’”®
Propagating SPs can be launched at the discontinuities of
the NWs, such as at the tips or at kinks. Also, nanoparticles
adsorbed on Ag NWs can facilitate the coupling between
photons and SPs. More recently, extremely sensitive remote
excitation of surface-enhanced Raman scattering at the single
molecule level was demonstrated via propagating SPs in Ag
NWs.? In a different system of a metal nanoparticle chain,
Maier et al. showed that fluorescent nanospheres could be
excited via remote excitation of propagating SPs about 0.5
um away.'°

Owing to the potential key roles of quantum dots (QDs)
in quantum information and nanophotonics,''~'* interactions
of SPs and QDs represent a topic of great interest. Both
experimental and theoretical investigations show that the
emission properties of QDs can be significantly modified near
the metallic nanostructures. Depending on the details of the
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configurations, either enhancement or quenching has been
observed.'>"?" Recent investigations have further extended
into the regime of interactions of quantum emitters such as
QDs and propagating SPs. For example, Fedutik and co-
workers studied the exciton—plasmon—photon conversion
in a Ag NW/CdSe QD system.?! Akimov and co-workers
reported on the coupling of a single exciton in a QD and
propagating SPs.2? These studies bring about an exciting
possibility to create a technology platform which integrates
SP-based passive elements and QD-based active elements.
However, these studies primarily focused on the conversion
of QD excitons into SPs. The reverse process—conversion
of SPs into exciton excitations in QDs—to the best of our
knowledge, has not yet been realized.

In this Letter, we demonstrate that propagating SPs in Ag
NWs can excite QDs. The propagating SPs interact with the
QDs and result in QD emission, in which process the energy
is directly transferred from the propagating surface plasmons
to the excitons. Moreover, the excited QDs can also induce
the generation of propagating SPs in the Ag NW. In other
words, the interaction between QDs and SPs in NWs is
bidirectional.

The Ag NWs were prepared by a wet-chemical method.?
The synthesized Ag NW colloid was washed via centrifuga-
tion in acetone and ethanol separately and redispersed in
ethanol for future use. These Ag NWs were about 100 nm
in diameter and a few to tens of micrometers in length with
single crystalline structure. A typical scanning electron
microscope (SEM) image of the NWs is shown in Figure
la. A drop of the dilute solution of Ag NWs in ethanol was
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Figure 1. (a) SEM image of the Ag NWs. (b) Sketch of
experimental setup. (c¢) Schematic illustration of the processes of
the studied system.

placed on a clean glass substrate and dried naturally. Then
Si0, of thickness 25 nm was deposited on the NWs using
plasmon depositions to prevent the quenching of QD
emission by the Ag NWs. QDs (fluorescence emission
centered at ~800 nm) with a CdSeTe core and a ZnS shell
of concentration 8 uM (Invitrogen, SKU# Q21371 MP) were
diluted to 8 nM with deionized water. Then a drop of 8 nM
QD solution was spin-coated on the SiO,-coated Ag NWs
at 3000 rpm for 60 s.

The schematic shown in Figure 1b illustrates the experi-
mental setup. White light was used as the illuminating source
in transmission mode to find the Ag NWs on the sample. A
continuous-wave laser at 532 nm was used for wide field
excitation of the QDs, while a mode-locked Ti:sapphire laser
(pulse width ~200 fs) centered at 710 nm was used to launch
propagating SPs in Ag NWs and excite QDs. A long working
distance, 100x objective (NA = 0.7) was used to focus the
laser on the sample. The scattered light and fluorescence light
from the sample were collected with the same objective and
directed to a room temperature CCD camera for imaging or
to a spectrometer with a liquid nitrogen cooled CCD for
spectral measurements. For imaging, a band-pass filter
(Chroma, HQ800/30) centered at 800 nm with a 30 nm
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spectral width was employed to select the emission from the
QDs. For spectral measurements, a long pass filter (Thorlabs,
FEL0750) with a 750 nm cutoff wavelength was used to
block out the laser.

There are three processes, illustrated in Figure 1c, which
are relevant to this study. When the 710 nm laser is focused
on the NW end, the SPs are launched and propagate in the
NW. At the discontinuities of the NW, the propagating SPs
couple out as photons. This process is labeled as process I.
The second process (labeled II) entails the excitation of QDs
near the Ag NWs whose exciton decay can generate
propagating SPs in the NWs. This process is what was
investigated in both Fedutik and Akimov’s work.?!?* The
third process (labeled IIT) involves launching the SPs at the
discontinuity of NWs, the interactions of the SPs with the
QDs which generate excitons, and the radiative decay of
excitons which are detected as photons. The focus of this
Letter is on the third process. It should be noted, in the
middle of process III, the exciton decay can also transfer its
energy into generation of propagating SPs, thus reverting to
process II. In our study, we have observed all these processes.

In Figure 2a, a Ag NW with a kink is shown. The 710
nm wavelength laser light was focused on the bottom end
of the NW to launch propagating SPs. Figure 2b shows that
bright spots were detected at both the wire kink and the upper
tip where the propagating SPs coupled out as photons, which
is process I in Figure 1c. The spectra of the laser and the
light coupled out are shown in Figure 2c. It can be seen that
the spectrum stays almost the same when the laser propagates
in the NW and couples out at the discontinuities. The small
deviation at the shorter wavelength edge can be attributed
to stronger SP damping at shorter wavelengths which has
been demonstrated by Fedutik et al.>* Figure 2d shows the
wide-field excitation QD emission image, using the 532 nm
laser as the excitation source and a band-pass filter (800/30
nm) to allow direct imaging of QD emissions. The wide-
field excitation image shows that while there is strong
emission of the QDs near the shorter segment of the NW
probably due to the higher QD concentration, there is very
little QD emission near the longer segment of NW.

In Figure 2e, the image was acquired with the same band-
pass filter but with the 710 nm excitation source focused on
the bottom NW tip. In this case, while the excitation is at a
remote location (the bottom tip of the NW), QD emission
can be observed along the NW. Also shown in Figure 2f are
spectra of the QDs measured through a 750 nm long pass
filter (black curve) and an 800/30 nm band-pass filter (red
curve). It should be emphasized that the QD emission is
excited by the propagating SPs directly. Since the propagat-
ing SPs can only couple out as photons at the wire kink and
tip, the emission at the upper part of the wire is the result of
direct interaction between SPs and QDs.

Figure 3 shows that the excited QDs can also launch the
SPs in the Ag NW, which propagate in the NW and finally
couple out at the NW tips (process II in Figure 1c). In Figure
3b, we show the wide field excitation QD emission image
by using the 532 nm laser as the excitation source. The
corresponding Ag NW image is shown in Figure 3a. When
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Figure 2. (a) White light transmission image of an Ag NW. (b) Optical image with 710 nm laser focused on the bottom NW tip. (c) Spectra of
laser (black) and light coupled out (red). (d) QD emission image with wide-field excitation by a 532 nm laser. (e) Image of QD emission induced
by propagating SPs in the Ag NW using an 800/30 nm band-pass filter. The 710 nm laser power is about 200 W, and exposure time is 5 s. (f)
Spectra measured at the bright part of the NW remotely excited in (e) with 750 nm long pass filter (black) and 800/30 nm band-pass filter (red),
respectively. Scale bar is the same for all images. The white arrow in (e) indicates the polarization of the 710 nm laser.

the 710 nm laser was focused on a spot in the middle of the
straight NW (red circle), no light is coupled out at the two
ends of the NW, as shown in Figure 3c. This is consistent
with the notion that one cannot launch the SPs directly at
this location.”® Nevertheless, as the laser can excite excitons
in QDs at this location, there exists a decay channel for these
excitons into propagating SP excitations (process II in Figure
1c). Indeed, such exciton—SP conversion can be seen in
Figure 3d when we inserted the band-pass filter and increased
the laser intensity. The direct excitation leads to QD emission
at the focused spot while the exciton—SP conversion is
reflected by the photon emission at two ends of the NW.
Spectra from the two ends of the wire are similar as Figure
2f, which confirm the exciton—SP conversion process.

On the other hand, if we focus the 710 nm laser light at one
end of the NW, we can launch the propagating SPs. The
propagating SPs then interact with QDs on the NW and excite
the excitons whose radiative decay can be directly observed in
the QD emission image shown in Figure 3e (and Figure 3f
when SPs are launched at the other end). These two images
thus correspond primarily to the SP—exciton conversion
process (process III). It should be noted that in these two
images, the bright spots at the opposite ends of the launching
spots are actually due to the exciton—SP—photon conversion.

Govorov et al. studied theoretically the exciton—plasmon
interaction in semiconductor—metal nanoparticle sys-
tems.'®?~%7 On the basis of these studies, an energy level
scheme shown in Figure 4 can be employed to provide a
general picture for the interaction between the propagating
SPs in the Ag NW and the excitons in QDs. First, the laser
launches the propagating SPs in the Ag NW (process A in
Figure 4). Then the SPs interact with the nearby QDs, and
some energy is transferred to the QDs (process B in Figure

4170

4), which are excited thereby. After the QDs near the Ag
NW are excited, there are three channels to decay, i.e.,
emission as photons (process C in Figure 4), conversion into
heat due to damping (not shown), and the generation of SPs
in the Ag NW (process D in Figure 4). Certainly process D
can occur by direct excitation of QDs. However, the ability
to remotely excite them provides great flexibility in designing
functional plasmonic structures.

In our experiment, these individual processes have been
clearly distinguished. These include (i) the straightforward
excitation of propagating SPs in the NW and then detecting
them via conversion to photons (Figure 2b); (ii) direct
excitation of QDs whose exciton decay gets converted to
propagating SPs and then detected as photons at the
discontinuities of the NW (Figure 3d); (iii) excitation of
propagating SPs whose interactions with the QDs results in
QD emission (Figures 2e, 3e, and 3f); and (iv) the back action
of process iii where exciton decay results in SPs which are
then converted to photons at the end of the NW (Figure 3,
parts e and f).

These processes can potentially form basic building blocks
for several technological platforms. For example, propagating
SPs inducing QD emission may have potential applications
in QD-based bioanalysis. As is known, one important
application for colloidal semiconductor QDs is bioanaly-
sis.?®73! The high photostability and bright emission make
QDs a powerful substituent for organic fluorophores. Com-
bined with the remote excitation technique, new excitation
and detection approaches may be developed. Moreover,
combining the metallic nanostructure based SP waveguide
as the passive component with nanoscale emitters (e.g., QDs)
as the active component forms a potential new platform for
nanoscale photonics.
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Figure 3. (a) White light transmission image of an Ag NW. (b)
QD emission image with wide-field excitation. (c) The image with
710 nm laser focused on the position marked with a red circle as
in (a) and (b). (d) Emission image acquired using an 800/30 nm
band-pass filter and with an excitation wavelength of 710 nm. The
laser is focused on the same position as in (c) but with a higher
power level of 200 4W. The exposure time is 5 s. The white arrow
indicates the polarization of the laser. (e) and (f) QD emission
images obtained by focusing a 710 nm wavelength laser on the
wire ends marked with green circles.
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Figure 4. Energy structure of the Ag NW—QD system. The arrows
show the transitions.
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