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H
igh dissipative losses1 and lack of
significant electro-optical effects in
metals define fundamental limita-

tions for the realization of efficient plasmo-
nic devices for signal guiding, modulation,
and active information processing on the
nanoscale. Different from plasmonic nano-
antennas, optical microcavities (OMs) such
as dielectric microspheres offer whispering
gallery mode (WGM) resonances with ex-
tremely long lifetimes and can enhance
light�matter interactions through efficient
trapping and photon recycling.2�6 The
high-quality factors of WGMs result, how-
ever, primarily from the confinement of the
optical modes to the interior of the dielec-
tric resonator, and the electromagnetic
field enhancement provided by WGMs is
relatively weak when compared to that of
plasmonic antennas7�9 due to the larger
mode volume of the photonic modes. The

complementarity of the electromagnetic
properties provided by OMs and plasmonic
nanoantennas has triggered significant in-
terest in integrating the two into discrete
“optoplasmonic” structures.10�19 Photonic�
plasmonic mode coupling in hybrid struc-
tures comprising bothmetallic and dielectric
resonators could not only mitigate the re-
spective limitations of the individual build-
ing blocks but also generate entirely new
functionalities.17,20 Detailed theoretical ana-
lyses of discrete optoplasmonic molecules,21

comprising high-Q WGM resonators and an
individual gold nanoparticle (NP), revealed
that photonic�plasmonic mode coupling is
accompanied by an effective electromag-
netic field redistribution that results in an
effective decrease of cavity mode volume
and partial field localization in the vicinity of
the NP. The strong localized electromag-
netic field in the resulting hot-spot allows
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ABSTRACT Plasmonic nanoantennas facilitate the manipulation of light

fields on deeply sub-diffraction-limited length scales, but high dissipative

losses in metals make new approaches for an efficient energy transfer in

extended on-chip integrated plasmonic circuits mandatory. We demonstrate

in this article efficient photon transfer in discrete optoplasmonic molecules

comprising gold nanoparticle (NP) dimer antennas located in the evanescent

field of a 2 μm diameter polystyrene bead, which served as an optical

microcavity (OM). The optoplasmonic molecules were generated through a

guided self-assembly strategy in which the OMs were immobilized in binding

sites generated by quartz (SiO2) or silicon posts that contained plasmonic nanoantennas on their tips. Control of the post height facilitated an accurate

positioning of the plasmonic antennas into the evanescent field of the whispering gallery modes located in the equatorial plane of the OM. Cy3 and Cy5.5

dyes were tethered to the plasmonic antennas through oligonucleotide spacers to act as on-chip light sources. The intensity of Cy3 was found to be

increased relative to that of Cy5.5 in the vicinity of the plasmonic antennas where strongly enhanced electric field intensity and optical density of states

selectively increase the excitation and emission rates of Cy3 due to spectral overlap with the plasmon. The fluorescent dyes preferentially emitted into the

OM, which efficiently trapped and recirculated the photons. We experimentally determined a relative photon transfer efficiency of 44% in non-optimized

self-assembled optoplasmonic molecules in this proof-of-principle study.

KEYWORDS: whispering gallery modes . integrated optical circuits . photonic molecules . optical microcavity . plasmonics .
fluorescence microscopy . waveguides . hybrid devices
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for a modulation of excitation and emission rates
of colocalized quantum emitters,22�24 and the addi-
tional local density of optical states (LDOS) provided by
both the plasmonic and dielectric resonator is ex-
pected to enable an efficient resonant light extraction
from quantum emitters through coupling to reso-
nances of the hybrid system.10,25�27 Furthermore, the
contribution of the low-loss WGMs to the total LDOS
increases the relative weight of the radiative decay
channel over that of the nonradiative decay channels.
Consequently, dissipative losses in conventional plas-
monic antennas can potentially be reduced by inte-
gration into optoplasmonic molecules.
In order to realize the full potential of optoplasmo-

nics, fabrication approaches are required that enable
integration of the individual building blocks into de-
fined geometries for an efficient coupling of localized
surface plasmon (LSP) modes and high-Q WGMs.
The strategies realized thus far include sputtering of
gold films,28 direct binding of noble metal NPs or
nanorods onto OMs,29,30 the manual positioning of
plasmonic antennas into the evanescent field of di-
electric resonators,31 or the in situ assembly of opto-
plasmonic devices by trapping gold NPs in the
electromagnetic field associated with WGMs.13 Most
of these approaches are, however, not compatible with
on-chip integration into networks of defined geome-
try, which is required for functional devices and for
interfacing with external peripherals, or risk quenching
of the WGMs through the direct attachment of metal
NPs onto the OM surface. An alternative rational
fabrication approach for discrete optoplasmonic mol-
ecules is the template-guided self-assembly of dielec-
tric microspheres into lithographically patterned
binding sites defined by gold-NP-tipped posts.32 This
approach makes it possible to position plasmonic
antennas at defined locations along the entire circum-
ference of the microsphere in the equatorial plane,
which is coplanar to the substrate and located half a
microsphere diameter above the surface. In this plane,
photonic�plasmonicmode coupling can be enhanced
in a rational fashion by enclosing the OM with NP
supporting posts from multiple sides and by minimiz-
ing the separation between themetal NPs and the OM.
Indeed, the experimental observation of small but
significant TE and TM mode broadening in the experi-
mental scattering spectra ofmicrosphere OMs contain-
ing gold NPs in their evanescent field confirmed the
coupling between WGMs and LSP modes in this geo-
metry.32 Furthermore, template-guided self-assembly
approaches facilitate a systematic variation of the
separation between individual OMs in spatially
extended 1-D and 2-D arrays. This structural flexibility
provides additional control over the photonic coupling
between the dielectric resonators.33�35

Theoretical studies10 have predicted that optoplas-
monic molecules support an efficient photon transfer

between quantum emitters localized in the hot-spot
of the plasmonic nanoantenna and the WGM resona-
tor. An experimental demonstration of on-chip pho-
ton transfer in optoplasmonic molecules is, however,
still missing. In this article, we demonstrate that, de-
spite inevitable structural variabilities, self-assembled
optoplasmonic molecules achieve an efficient photon
transfer between plasmonically enhanced fluorescent
light sources and OMs, which is an important step
toward on-chip integrated optoplasmonic nano-
circuitry. The separation dependence of the energy
transfer and the synergistic interplay between plas-
monic and photonic building blocks are investigated
in detail.

RESULTS AND DISCUSSION

Fabrication and Characterization of Optoplasmonic Molecules.
The fabrication process of the optoplasmonic structures
is summarized in Figure 1. Arrays of gold NP dimers
were patterned on quartz (SiO2) or silicon wafers by
electron beam lithography, as shown in Figure 1a. The
average diameter (d) of the gold NPs was determined as
116.5 ( 9.4 nm, and the gap between the individual
gold NPs of each plasmonic dimer antenna was 51.8 (
10.0 nm. The dimer antennas were arranged in chains
of rectangular units with side-centered dimer antennas.
Two adjacent units shared one dimer antenna, and
the separation between the antennas was slightly
larger (2.08( 0.01 μm) than the polystyrene (PS) micro-
sphere diameter (D) of 1.98 ( 0.02 μm to facilitate
an efficient insertion of the OM in one of the follow-
ing fabrication steps. Dry etching of the patterned
arrays in a reactive ion etching chamber created gold-
NP-tipped nanopillars due to removal of the substrate
material everywhere except those areas that were
protected by the created gold NPs. The tilted SEM
image in Figure 1b shows that the height of the created
silica nanopillars (h) is ∼1 μm, which positions the gold
NPs on their tips in the equatorial plane of the 2 μm
diameter PS beads. Before insertion of the PS beads
into the arrays, the gold NPs were functionalized with
30-dye-labeled 30 nucleotide long 50-thiolated single-
stranded DNAs. The DNA molecules efficiently self-
assemble into a brush on the gold NP surface and serve
as a spacer to avoid the quenching of the dye fluores-
cence through the metal surface.22 The thickness of
the DNA brush was determined on a reference gold
film as 13.5 nm using ellipsometry. As we will discuss
in more detail below, this separation is sufficient to
avoid quenching and the plasmonic antennas were
found to achieve an efficient enhancement of the
fluorescence intensity of the bound dyes. After assem-
bling the dye-functionalized plasmonic antennas, which
were intended as on-chip light sources, the assembly
of the optoplasmonic structures was completed, as
shown in Figure 1c, by integrating PS microspheres
through a lateral flow of an aqueous suspension of
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the microspheres (for detail, please refer to the
Methods section).

Figure 1d contains elastic far-field scattering spec-
tra of each fabrication step: (a) goldNPdimers, (b) gold-
NP-tipped nanopillars, and (c) completed optoplasmo-
nic structures with PS microspheres in the binding
sites. A comparison of spectra (a) and (b) clearly shows
that the gold NP dimers exhibit a broad LSP resonance
(LSPR) band in a wavelength range from 450 to 650 nm
and that the SiO2 nanopillars have a negligible effect
on the spectral LSPR band. Spectrum (c), however,
shows a well-structured spectrum with multiple peaks
due to the presence of WGMs provided by the di-
electric OM in the completed optoplasmonic structure.
Two micrometer diameter PS beads support WGMs
that can be directly excited by free-space photons
under dark-field illumination. These modes, which
have quality (Q) factors between 49.2 ( 10.2 for TE
and 64.8( 10.3 for TMmodes, are significantly sharper
than the LSPR mode with which they overlap. The
design of the optoplasmonic molecules in Figure 1
fulfills all requirements for photonic�plasmonic mode
coupling, and in the following, we will utilize fluores-
cence microscopy to experimentally validate on-chip
photon transfer in these hybrid structures.

Fluorescence Enhancement in Optoplasmonic Molecules. The
excitation rate of an emitter with a transition dipole p is
governed by the local field Eexc at the excitation wave-
length λexc: γexc � |Eexc(r0,λexc) 3p|

2. We have already
demonstrated32 that the local electric field around gold
NPs in template-assembled optoplasmonicmolecules is
dramatically enhanced over that in isolated NP dimers
or isolated OMs, thus resulting in the increase of the

excitation rate. The radiative rate of fluorescence dyes
can also be enhanced in an optoplasmonic molecule.
Provided that the fluorescent dyes are placed in suffi-
cient separation from the metal surface to avoid
quenching, the spontaneous emission rate (γ) is pre-
dicted to increase with both the local field and the
density of optical states. In the weak coupling regime,
the spontaneous emission rate is given by γ =
(2ω/3pε0)|p|

2F(rm,ω), where p is the transition dipole
moment, F is the density of photon states, and rm is the
location of dipole emitter.36 In optoplasmonic mol-
ecules, both plasmonic24 and photonic25�27 resonances
contribute to modify p and F.

We first validated the influence of the plasmonic
antennas in the absence of OMs. We used gold NP
dimers as plasmonic antennas in this work to achieve
an efficient localization of the incident light into
electromagnetic hot-spots, where the high density of
plasmonic modes facilitates an efficient decay of fluo-
rescence excitation into resonant plasmons. The latter
can then efficiently reradiate into free space,23,37 re-
sulting in an overall increase in detected fluorescence
signal. Since the potential increase in fluorescence
intensity provided by plasmonic antennas depends
on the exact antenna structure, we first experimentally
characterized the fluorescence intensity provided
by the NP dimers used in this work. To that end, we
fabricated gold NP dimers on quartz substrates, as
shown in Figure 1a, and then functionalized those with
DNA oligomers carrying either Cy3 or Cy5.5 as dipole
emitters. We chose Cy3 whose excitation/emission
peak wavelengths of λexc = 550 nm/λemi = 564 nm
overlap with the LSPR band maximum of the gold NP

Figure 1. Fabrication process of the hybrid optoplasmonic networks and SEM images at each step of fabrication. (a) Gold
dimer disks with a diameter (d) of 116.5( 9.4 nm are generated on a quartz or siliconwafer by electron beam lithography. (b)
Gold NP dimers on the SiO2 nanopillars with a height (h) of 0.96 ( 0.07 μm are generated by orthogonal dry etching. (c) PS
microspheres (diameter,D, of 1.98( 0.02 μm) are inserted into the binding sites definedby the gold posts. The SEM images in
(b) and (c) are tilted 30�, and scale bars in all SEM images are 1 μm. (d) Normalized far-field scattering spectra of (a) gold dimer
disks on the substrate, (b) gold NP dimers on the pillars, and (c) completed optoplasmonic arrays.
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antennas and Cy5.5 whose excitation/emission peak
wavelengths λexc = 685 nm/λemi = 706 nm overlap only
weakly with the low-energy tail of the LSPR band. The
elastic scattering spectra of the plasmonic nanoanten-
nas (gray shaded line) and excitation and emis-
sion spectra of two fluorescent dyes38 are shown in
Figure 2a. Figure 2b,c shows fluorescence images of
representative gold NP dimers functionalized with Cy3
and Cy5.5, respectively. Note the difference in scale of
the two color maps in (b) and (c). A systematic compar-
ison of the relative fluorescence intensities of the two
dyes when either immobilized on a glass slide by spin-
coating or tethered to gold NP dimers via DNA oligo-
mers in Figure 2d shows clearly an increase in Cy3
intensity as a result of the covalent attachment to the
plasmonic antennas. The gain in relative fluorescence
is characteristic of a selective enhancement of Cy3
excitation and radiative rates through resonant cou-
pling to the plasmons of the dimer antennas.39

In the next step, we applied generalized multi-
particle Mie theory (GMT)10,40,41 simulations to investi-
gate the possibility of further boosting the radiative
rate enhancement, γr/γr

0, where γr
0 is the radiative rate

of a dipole emitter in free space, through assembly of

complete optoplasmonic molecules. In Figure 3a, we
compare the simulated radiative rate enhancements
for a dipole emitter tethered (i) to an isolated gold NP
dimer antenna (blue), (ii) to an isolated OM (gray), and
(iii) to a NP dimer antenna located in the equatorial
plane of an OM (red) at a separation of 50 nm away
from the OM surface. This separation was chosen as a
first approximation and allowed us to investigate the
underlying physics in the hybrid system. All other
antenna dimensions correspond to the measured val-
ues given in Figure 1 and its legend. We assumed a
separation of 13.5 nm between the emitter and the
respective NP or OM surfaces and we averaged over
various dipole positions and orientations for each of
the three investigated structures. For completeness,
we included the enhanced E-field intensity distribu-
tions in the optoplasmonic molecules at the resonant
peaks marked in Figure 3a with arrows in Figure 3b,c,
respectively. The E-field is strongly enhanced in the
vicinity of the plasmonic antennas.

The comparison of the calculated γr/γr
0 values in

Figure 3a shows that the plasmonic antenna achieves
much stronger radiative rate enhancement than
the OM alone, but that the rate enhancement in the

Figure 2. Enhancement of the fluorescence intensity by plasmonic nanoantennas. (a) Normalized far-field scattering spectra
of goldNPdimers on a quartz substrate (gray shaded line) and excitation and emission spectra of Cy3 and Cy5.5 (see legends).
Fluorescence intensity maps of gold NP dimers tagged with Cy3 or Cy5.5 are shown in (b) and (c), respectively. Note the
difference in scale of the color maps for (b) and (c). (d) Relative fluorescence intensities of equimolar solutions of Cy3- and
Cy5.5-functionalized thiolated DNAs that were spin-coated on metal-free quartz substrates (left) or tethered to e-beam-
fabricated gold NP dimer antennas (right). The Cy5.5 intensities were arbitrarily set to 1. The dimer antennas have the same
dimensions as shown in Figure 1a; approximately 60 dimer antennas were analyzed for each dye.
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complete optoplasmonic molecule is even higher. The
peak radiative rate enhancement of the optoplasmonic
molecule surpasses that of the isolated plasmonic
antenna by 63%. The simulations confirm that syner-
gistic interactions between LSPRs andWGMs achieve
an additional boosts of γr/γr

0 to beyond what can be
accomplished in the separate photonic and plasmo-
nic building blocks. Consistent with our experimen-
tally measured fluorescence intensities for Cy3- and
Cy5.5-functionalized plasmonic antennas (Figure 2),
we find that the peak of the simulated radiative rate
enhancement in the NP gap structure coincides with
the peak emission wavelength of Cy3, whereas the
radiative rate enhancement at the peak emission
wavelength of Cy5.5 is decreased by ∼31%. This
difference in radiative rate enhancement, together
with the strong enhancement of excitation rates
close to the plasmon resonance, readily accounts
for the experimentally observed differences in fluo-
rescence intensities for dye-functionalized plasmo-
nic antennas.

On-Chip Photon Transfer in Optoplasmonic Molecules.
Photonic�plasmonic mode coupling32 modifies the
excitation and emission rates of quantum emitters,
and the GMT simulations of the optoplasmonic mol-
ecules studied in this work predict that the radiative
rate enhancement remains significantly higher than in
conventional plasmonic antennas for antenna�OM
separations up to 150 nm (Supporting Information
Figure S1). A priori, it is not clear whether the proposed
template-guided self-assembly approach can generate
optoplasmonic molecules with the required precision
to achieve a reliable modification of the fluorescence
radiative rate and/or emission direction.

We addressed this question experimentally by
characterizing the fluorescence intensity of dye-
functionalized plasmonic antennas in the presence
and absence of OMs. A scheme of the epi-fluorescence
experimental setup and sample mounting is shown in
Figure 4. For additional details regarding the setup,
image acquisition, and processing, please refer to the
Methods section. The imaging experiments revealed
that the integration of OMs into the binding sites
induced a strong change in the fluorescence intensity
of the dye-functionalized plasmonic dimer antennas
located on the binding site defining posts. As shown in
the fluorescence intensity maps in Figure 5, posts in
direct vicinity of the OM (a) show significantly lower
fluorescence intensities than posts that are more re-
mote to the OM (b). A white dotted line in (a) indicates
the location of a PS microsphere in the binding site,
and solid yellow lines in (a) and (b) indicate gold NP
dimers. The cumulative intensity plots in Figure 5c
summarize the fluorescence intensities of a gold NP
dimer carrying posts in the presence (red) and absence
(blue) of an OM. For both groups, we evaluated ∼150
gold posts.When theOM is present in the binding sites,
the average gold NP dimer�OM separation (G) was
determined as ∼104 nm from multiple SEM images
taken at different tilting angles (0�30�; Figure S2).
Interestingly, we observed that the gold posts often
exhibited a “bending” toward theOMs (Figures S2 andS3)
during their convective self-assembly into predefined
binding sites, generating short NP antenna�OM gaps.
We also verified by SEM that the posts shown in
Figure 5 have a height of ∼1 μm and that the gold
NPs were positioned in the equatorial plane of the PS
microsphere (Figure S3a,b).

The performed GMT simulations predict a signifi-
cant enhancement of both E-field intensity and radia-
tive rates in the optoplasmonic molecules. Never-
theless, the experimentally observed fluorescence
intensity for posts located in direct vicinity of an OM
(Figure 5c, red) is significantly lower than for posts

Figure 3. Calculated radiative rate enhancement γr/γr
0 for

a dipole emitter in the vicinity of a gold NP dimer (blue,
NP diameter = 116.5 nm, dimer interparticle separation =
51.8 nm), of an OM (gray, 1.98 μm diameter PS microsphere),
and of an optoplasmonic molecule comprising the plas-
monic antenna in the equatorial plane of the OM (red). The
radiative rate enhancement spectra are averaged over
various positions and orientations of the dipoles located
at a constant separation of 13.5 nm away from the NP or OM
surface. The inset shows select dipole positions/orientations
marked as blue arrows (NP-OM gap = 50 nm). (b,c) Electric
field intensity distributions (log scale) in the OM equatorial
plane at the resonant peaks marked in (a).

Figure 4. Schematic of the fluorescence microscope used
for the spectral characterization of the optoplasmonic mol-
ecules. The optoplasmonic array samples were mounted
upside-down, so that all of the light collected by the
objective had to pass the OMs. Appropriate excitation,
dichroic, and emission filters for Cy3 and Cy5.5 were se-
lected (see the Methods section) to record fluorescence
images.
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without an OM (Figure 5c, blue). Directed fluorescence
emission into OMs and concomitant excitation of
WGMs could explain this apparent contradiction
and account for the decrease in fluorescence intensity
measured at the post locations. The photons captured
byWGMs are recycled in OMs but leak out of the cavity
walls eventually and, thus, increase the fluorescence
intensity of the OMs. To test this hypothesis, we com-
pared the intensities of OMs embedded in the binding
sites containing plasmonic antennas (Figure 5d, red)
with those of isolated OMs in the same field of view
that were not integrated into post-defined binding
sites (Figure 5d, blue). For each condition, we evaluated
15�30 individual OMs. Indeed, consistent with the
excitation of WGMs through photons emitted from
the fluorescent dyes, the OMs located in direct vicinity
to a Cy3-functionalized plasmonic antenna show a
systematic increase in fluorescence intensity. The ex-
citation of WGMs is further corroborated by a spatially
resolved analysis of the fluorescence intensity across
individual OMs. Figure 6a shows the fluorescence
intensity map of a substrate-supported OM that is
not integrated into an optoplasmonic network. The
fluorescence intensity from these reference micro-
spheres is determined by autofluorescence, which
leads to an intensity maximum at the center of the
microsphere, as depicted in its cross-sectional profile
(Figure 6c, blue line). Of particular interest is the

comparison of this intensity profile with that of OMs,
which are not fully integrated into a post-defined
binding site but sideways attached to only three posts,
as shown in Figure 6b. The fluorescence intensity
detected on the side missing a post (filled red square
in Figure 6c) is significantly higher than that observed
at the periphery of the reference microspheres (filled
blue square in Figure 6c). The difference in intensity is
also visually apparent in the magnified and for higher
contrast rescaled views of these areas in the exemplary
structures shown in Figure 6a,b. The increased fluores-
cence intensity of OMs that are embedded in opto-
plasmonic molecules when compared with free OMs
contained on the same chip confirms that Cy3-function-
alized plasmonic antennas inject photons into the OMs
where they are efficiently stored due to excitation of
WGMs.

In the next step, we further validated that the
decreased fluorescence intensity was indeed due to
an efficient photon transfer from the Cy3-functiona-
lized plasmonic antenna into the OM and not due to a
simple geometric screening effect that perturbs excita-
tion and/or collection. The WGM evanescent field of
the substrate-supported PS microspheres used in this
work is concentrated in the immediate vicinity of the
microsphere surface.42,43 We reasoned that a decrease
in the post length should increase the separation
between the plasmonic antennas and the OM surface

Figure 5. Comparison of fluorescence intensity of Cy3-
functionalized gold NP dimer antennas in the presence (a)
and absence (b) of an OM. A dotted white circle in (a)
indicates the OM inserted into the binding site, and solid
yellow circles in (a) and (b) enclose gold posts. Cumulative
intensity plots of gold posts (c) and OMs (d) in the presence
(red) and absence (blue) of OMs (c) and gold posts (d),
respectively. All optoplasmonic structures contain gold NP-
functionalized posts with a height of h = 1 μm. The inset in
(d) illustrates the geometry of the investigated structure.

Figure 6. Fluorescence intensity maps of (a) a reference OM
without plasmonic antennas and (b) an OM adjacent to
three NP dimer carrying posts. The enlarged intensity in the
top panel of (a) and (b) shows the rescaled fluorescence
intensities of the marked areas with higher contrast. (c)
Cross-sectional profile for control OMs without plasmonic
antennas (empty blue squares with gray-shaded error
areas). The filled blue square refers to the fluorescence
intensity at the peripheral position marked in (a) with a
blue square. The filled red square reports the average
fluorescence intensity measured at the periphery of OMs
that are missing a single post. Error bars were calculated
from six independent samples.
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and, thus, reduce the photonic�plasmonic mode cou-
pling. The latter would result in a decrease in the
relative photon transfer efficiency. In order to test this
hypothesis, we fabricated optoplasmonic molecules,
with the same overall geometry but with shorter posts.
The plasmonic antennas were no longer located in the
equatorial plane of the OM but, instead, located
∼400 nm below the equatorial plane (Figure S3c,d).
Due to the geometry of our experimental setup
(Figure 4), we only detected light from themicrosphere
side and all Cy3-emitted photons had to pass the
dielectric microsphere to be collected. We analyzed
the relative fluorescence intensities obtained from
gold posts in the presence and absence of the OMs.
The resulting cumulative intensity distribution plots
are shown in Figure 7a. The difference in relative
fluorescence intensity between the two classes of
posts in this case is much weaker than observed for
the posts located in the equatorial plane of theOM (see
Figure 5c). This difference is also reflected in Student's
t tests. The two classes of posts (with/without OM) in
Figure 5 (h = 1 μm) have a p value of <0.001, while in
Figure 7 (h = 600 nm), the p value has increased
to <0.1. We conclude that the fluorescence intensity
of the shortened posts is only weakly affected by the
presence of the OM. We also quantified the fluores-
cence signal emanating from the PS microspheres
integrated into optoplasmonic molecules with short-
ened posts (Figure 7b). The shortening of the post
length is accompanied by a substantial reduction in the
intensity difference betweenOMs in the presence (red)
and absence (blue) of gold posts, as is evident from
comparing the intensity distributions in Figures 5d
and 7b. Together, these findings confirm (i) that the
differences in observed intensity distributions in
Figure 5 are the result of an efficient in-plane photon
transfer from the Cy3-functionalized plasmonic dimer

antennas into the OMs, and (ii) that the positioning
of the dyes in the equatorial plane of the OM is
an absolute requirement for this process to be efficient.

We quantified the relative photon transfer effi-
ciency (η) defined as η = 1 � (IþOM/I�OM), where IþOM

and I�OM indicate the fluorescence intensities of the
gold posts in the presence and absence of OMs,
respectively, for optoplasmonic molecules with differ-
ent post heights. These values were obtained by aver-
aging fluorescence intensity values from >150 gold
posts. The relative transfer efficiency is 0.44 in the
optoplasmonic structures containing the plasmonic
antennas in the equatorial plane, but it drops to
η = 0.12 if the posts are reduced in length by
400 nm. Although the presence of the OM can influ-
ence the fluorescence excitation and detection effi-
ciencies, this effect applies to η for both post lengths.
Our data therefore strongly argue for an enhanced
photon transfer efficiency for plasmonic antennas
located onposts with a height of 1 μm. The observation
of a relative on-chip photon transfer efficiency of 44%
in non-optimized optoplasmonic molecules empha-
sizes the tremendous potential of optoplasmonic mol-
ecules with optimized geometry for radiative rate
engineering, long-range photon transfer, and active
switching and (de)multiplexing.10 We emphasize that
the current generation of optoplasmonic molecules
has room for further systematic improvements since
the separation between the plasmonic antennas and
the OM in the fabricated structures is with ∼100 nm
still rather large.

CONCLUSION

Photonic�plasmonic mode coupling is a promising
strategy for enhancing photon�matter interactions,
energy transfer, and signal processing in on-chip in-
tegrated optoplasmonic networks beyond the capabil-
ities of both photonic OMs and plasmonic nano-
antennas. Our combined experimental and theoretical
analyses reveal that plasmonic nanoantennas andOMs
interact synergistically to boost not only the transition
dipole moment of dyes attached to the plasmonic
antennas but also their radiative rates. The emitted
light is efficiently captured asOM-trapped recirculating
photons. The realization of the full advantage of on-
chip integrated optoplasmonic networks hinges on the
ability to position dipole-emitter-functionalized plas-
monic nanoantennas into the evanescent field located
in the equatorial plane of OMs. We achieved a relative
photon transfer efficiency of 44% in self-assembled
optoplasmonic molecules that contain PS micro-
spheres trapped between silica or silicon posts con-
taining gold dimer antennas on their tips. We validated
experimentally that the relative transfer efficiency
depends crucially on the height of the NP containing
posts in the assembled optoplasmonic structures. The
successful combination of significant radiative rate and

Figure 7. Fluorescence intensities of gold posts and OMs
when the height of the post is reduced to h = 600 nm
(and thus too short to reach the OM equatorial plane). (a)
Cumulative intensity for the gold posts in the presence (red)
and absence (blue) of the OMs. (b) Corresponding cumula-
tive intensity of OMs. The inset in (b) gives a schematic
structure of the investigated optoplasmonic molecules.
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E-field intensity enhancement and efficient long-range
energy transfermakes optoplasmonicmolecules versatile
building blocks for on-chip integrated optical networks,

especially if one considers other predicted functionalities
of optoplasmonic networks, such as multiplexing,10

demultiplexing,10 and all-optical switching.17

METHODS
Fabrication of Gold-NP-Tipped Nanopillar Cavities. First, regular

arrays of dimer nanoholes are patterned in 200 nm thick poly-
(methyl methacrylate) (PMMA) layers spin-coated on a quartz or
siliconwafer substrate through electron beam lithography (EBL)
using a Zeiss SUPRA 40VP scanning electron microscope (SEM)
equipped with an Raith Beam Blanker and nanometer pattern
generation system (NPGS). A Ti/Au/Cr layer with a thickness of
10/80/35 nm, respectively, was then deposited on the EBL-
patterned surface by electron beam evaporation (CHA Indus-
tries, Fermont, CA) with deposition rates of 0.5/1.0/0.5 Å/s. A Ti
layer improved adhesion of gold films to a quartz or silicon
substrate, and aCr layer protected thegold films fromanisotropic
dry etch gases. After the PMMA layer was lifted off by washing
in acetone, substrates were brought to reactive ion etching (RIE,
Plasma-Therm, model 790). The anisotropic etching using a
mixture of CHF3/O2 (50/5 sccm) at a pressure of 200 mTorr and
a power of 150 W removed the quartz or silicon only in exposed
areas, which were not protected by Cr layers, resulting in the
formation of quartz or silicon nanopillar arrays with Cr layer tips.
The height of the nanopillars was controlled through the varia-
tion of etching time. To result inh = 1 μmand 600 nmSiO2 pillars,
7 and 4.5 min of RIE was performed, respectively. To etch a silicon
wafer, a mixture of SF6/Ar (25/25 sccm, 50 mTorr, 200 W, 7 min for
h = 1 μm) was used instead of CHF3/O2. The layer of Cr was then
removedby gentle swirling in a 40 �C solutionof Cr etchant for 15 s,
and the substratewas rinsedwithdistilledwater thoroughly. Finally,
the gold-tipped nanopillars were created with a diameter (d) =
116.5(9.4nm,agapbetweengolddimersof 51.8(10.0nm,anda
height of nanopillars (h) = 0.96( 0.07 or 0.62( 0.02 μm.

Functionalization of the Gold NP Dimers with Fluorescently Labeled
ssDNA Strands. The arrays of gold-tipped nanopillars were func-
tionalized with dye-labeled 30 bp single-stranded DNAs via a
thiol binding. Before incubation, disulfide bonds of thiols in
DNA were reduced using TCEP solution (Thermo Scientific Inc.).
A drop of 50-thiolated DNAs (∼15 μL, 10 μM) that are tagged
with 30-Cy3 or -Cy5.5 was added on the top surface of the
prepared gold post substrates and incubated in a dark, humid
environment for overnight (sequence: 50 HS AAA AAA AAA AAG
GCT GGA GGT TGG TTC ACT Cy3 (or Cy5.5) 30 , Integrated DNA
Technologies). The excitation/emission wavelengths for Cy3
and Cy5.5 are 550/564 and 685/706 nm, with reported quantum
yields of 0.24 and 0.23, respectively.38,39 After incubation, the
substrate was washed with Tris buffer (10 mM Tris pH 8 and
50 mM NaCl) to remove nonspecifically bound DNAs on the
surface, followed by rinsing with DI water to prevent formation
of salt crystals on the substrate.

Integration of OMs by Convective Self-Assembly. The regular arrays
of dye-tagged gold nanopillar cavities were then used as
templates to assemble PS microspheres by a convective self-
assembly method. An aqueous solution of PS beads (1.98 (
0.02 μm in diameter; 1%; 30 μL) was sandwiched between the
patterned nanopillar substrate and a blank quartz substrate
separated by a ∼380 μm gap. Upon evaporation of the water,
the meniscus of the microsphere containing solution was
dragged across the substrate surface by capillary forces. These
forces have a component perpendicular to the patterned sur-
face, which enabled an efficient trapping of microspheres in the
cavities formed by the fabricated gold posts. The insertion of
microspheres into the dye-tagged gold NP posts completed the
assembly of the optoplasmonic molecules for the further
fluorescence microscopy.

Fluorescence Microscopy. Fluorescence images of the optoplas-
monic molecules were obtained using an inverted microscope
(Olympus IX71) equipped with a high-resolution imaging CCD
(Andor, iXonEM). A 100 Wmercury lamp (Olympus, U-LH100HG)
was used as an illumination source, and the image was resolved

using a long working distance 60� air objective lens (Olympus
LUCPLFLN, NA = 0.70). The sample was mounted upside-down,
as illustrated in Figure 4. The excited light was efficiently filtered
using proper fluorescence imaging filters (excitation/dichroic/
emission) for Cy3 (550( 10/560/580( 10 nm) and Cy5.5 (650(
10/690/700 ( 10 nm). The fluorescence images for Cy3 were
taken using exposure times of 3 s (10 accumulations), and
acquisition conditions for Cy5.5 were adjusted as necessary.

To ensure a direct comparison of the measured fluores-
cence intensities, we only compared measurements performed
under identical conditions on the same chips. The gold posts in
the presence and absence of the OM were prepared on the
same chip, and their fluorescence intensities were measured
under the identical illumination conditions including exposure
time, number of accumulation, intensity of light source, etc.
Likewise, fluorescence intensities of the OMs with and without
gold posts on the same chip were measured under the same
acquisition conditions. Since we compared fluorescence inten-
sities under identical conditions, we directly compared total
fluorescence intensities without calibration.

Fluorescence Image Analysis. All fluorescence images were
processed using custom-written Matlab codes. The fluores-
cence intensities were background-corrected by subtraction
of fluorescence signals taken from an equally sized, but unpat-
terned neighboring area and normalized by the total area on the
detector (25 or 121 pixels) to determine the fluorescence in-
tensity per pixel. Toobtain fluorescence intensities fromOMs that
are integrated in the gold NP dimer cavities, the total fluores-
cence intensity of the OM was subtracted by the fluorescence
intensity from gold NP dimers in the enclosed OM area.

Simulations. We calculate the radiative decay rate γr of the
dipole p at the emission wavelength λemi as the power fraction
radiated into the far-field by integrating the energy flux through
the closed surface surrounding both the dipole and the opto-
plasmonic molecule.44 Generalized multiparticle Mie theory
is used for all of the calculations, which provides an exact
analytical solution of Maxwell's equations for arbitrary config-
urations of L metal and/or dielectric spheres.10,40,41 The total
scattered electromagnetic field is constructed as a superposi-
tion of partial fields scattered by each sphere. The incident,
partial scattered, and internal fields are expanded in the ortho-
gonal basis of vector spherical harmonics represented in local
coordinate systems associated with individual particles: Esc

l =
∑(n)∑(m)(amn

l Nmn þ bmn
l Mmn), l = 1,...L. A matrix equation for the

Lorenz�Mie multipole scattering coefficients (amn
l ,bmn

l ) is ob-
tained by imposing the continuity conditions for the tangential
components of the electric and magnetic fields on the particles
surfaces, using the translation theorem for vector spherical
harmonics and truncating the infinite series expansions to a
maximum multipolar order N. Experimentally obtained gold
refractive index values from Johnson and Christy45 are used in
the simulations.
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