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Nanoassembled Plasmonic-Photonic Hybrid
Cavity for Tailored Light-Matter Coupling

Michael Barth," Stefan Schietinger,™ Sabine Fischer, Jan Becker, Nils Niisse,3
Thomas Aichele,” Bernd Lochel,® Carsten Sénnichsen,™ and Oliver Benson*-T

TInstitute of Physics, Humboldt-Universitat zu Berlin, Hausvogteiplatz 5—7, D-10117 Berlin, Germany, FInstitute for
Physical Chemistry, University of Mainz, Jakob-Welder-Weg 11, D-55128 Mainz, Germany, and $ Application Centre
for Microengineering, Helmholtz-Centre Berlin for Materials and Energy, Albert-Einstein-Strasse 15,

D-12489 Berlin, Germany

ABSTRACT We propose and demonstrate a hybrid cavity system in which metal nanoparticles are evanescently coupled to a dielectric
photonic crystal cavity using a nanoassembly method. While the metal constituents lead to strongly localized fields, optical feedback
is provided by the surrounding photonic crystal structure. The combined effect of plasmonic field enhancement and high quality
factor (Q &~ 900) opens new routes for the control of light-matter interaction at the nanoscale.
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he ability to confine light into ultrasmall volumes is
essential for enhancing the interaction of light and
matter in the emerging field of nanophotonics. Sur-
face plasmons' provide a route to such strong optical
confinement in the subwavelength regime and are of high
interest for (cavity) quantum electrodynamics applications.*”
They are bound electromagnetic excitations at the interface
between a metal and a dielectric, resulting from collective
electron oscillations at the surface of the metal. Because of
their ability to concentrate electromagnetic energy in vol-
umes much smaller than the corresponding wavelength,
they provide a very strong interaction between (quantum)
emitters and photon fields.” This interaction can further be
enhanced through an appropriate feedback mechanism,
provided, for example, by cavity structures. Various types
of such plasmonic cavities have already been realized,*””
exhibiting mode volumes Ve down to ~100 nm? (ref 5), but
the achieved quality factors Q were limited to values <100
due to losses in the metal. Only recently a plasmonic
microdisk cavity with Q &~ 1000 was demonstrated in the
near-infrared,® but at the expense of a larger mode volume
Ver & 2.5 um?>. On the other hand, dielectric or semiconduc-
tor microcavities can reach high quality factors and small
mode volumes,” but the achievable field localization is
inherently limited by the laws of diffraction.'®
In this letter, we report the realization and characteriza-
tion of a hybrid photonic crystal (PhC) cavity that combines
the benefits of both plasmonic and photonic elements.
Contrary to previous designs where a dielectric or semicon-
ducting core was completely coated with a metal layer,”®
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we use individual metal nanoparticles that are deterministi-
cally placed on the dielectric backbone of a PhC cavity. This
type of hybrid structure can exhibit both high quality factors
and pronounced hot spot of the electromagnetic field,
potentially enhancing the interaction of the cavity mode with
emitters or other types of active materials. This approach is
fundamentally different from the system recently introduced
by de Angelis et al.,'" where the actual cavity mode was
strongly damped due to the presence of a metal nanowire.
In the system studied here the original cavity characteristics
are preserved and extended by plasmonic features. This
allows for a coherent coupling of the photonic and plasmonic
resonances and constitutes a novel class of hybrid nano-
photonic devices.'?

As the dielectric building block of the hybrid device we
employ a planar double-heterostructure PhC cavity'>'*
made from silicon nitride. It consists of a PhC waveguide
(one row of missing holes) that is locally modulated by
enlarging the lattice constant ¢ = 270 nm to @’ = 280 nm
over two lattice periods to create an optical potential well.
Details of the fabrication method were published else-
where.'® The properties of this cavity (shown schematically
in Figure 1a) are probed by monitoring the intrinsic fluores-
cence of the silicon nitride membrane, which is excited using
a frequency-doubled Nd:YAG laser (532 nm wavelength,
~100 uW excitation power). The polarization of the excita-
tion light is controlled via a 1/2 waveplate. The emission is
collected perpendicular to the PhC membrane through a 100
x /0.9 NA microscope objective, spectrally dispersed by a
spectrograph (focal length 500 mm) and detected with a
liquid nitrogen cooled CCD camera. A 100 um pinhole in the
detection path is used for spatial filtering of the cavity
emission.
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FIGURE 1. (a) Illustration of the PhC cavxty and the employed AFM mampulation technique. (b) Spectrum of the intrinsic fluorescence from
a silicon nitride PhC cavity (with hole radii r = 0.28a and a membrane thickness ¢ = 200 nm), exhibiting sharp resonances associated with
the cavity modes M1 and M2. (c,d) Calculated in-plane electric field intensity distributions |E|*> of modes M1 (c) and M2 (d), respectively. (e,f)
Corresponding plots of the dominant electric field component at the center of the cavity, which is E; in the case of mode M1 (e) and EZ in the

case of mode M2 (f).

A typical fluorescence spectrum from such a PhC cavity
is displayed in Figure 1b, exhibiting two sharp resonance
peaks associated with the two lowest cavity modes, denoted
as M1 and M2. The corresponding electric field intensity
distribution |E|?> for both modes, obtained from three-
dimensional finite-difference time-domain (FDTD) simula-
tions, is displayed in Figure 1c¢,d, respectively. Note that M1
and M2 are polarized orthogonal to each other at the center
of the cavity, as can be seen from the plots of the dominant
field polarization (E, for M1 and E, for M2) in Figure le and
Figure 1f, respectively.

To realize the hybrid cavity system we use a modified dip-
pen technique'® in combination with atomic force micro-
scope (AFM) manipulation.'”"'? The end of a tapered fiber
(tip radius ~ 1 um) is dipped into a solution of chemically
grown gold nanoparticles and brought into contact with the
silicon nitride surface near the PhC structure. In this way,
small particle reservoirs are created, from which individual
gold nanoparticles can be selected and moved into the cavity
(along the PhC waveguide) using the tip of an AFM?° (see
Figure 1a for illustration). Thereby, the accuracy in position-
ing the particles is ~10 nm. Compared to lithographically
fabricated metal structures, which suffer from a limited
spatial resolution and a high degree of polycrystallinity, this
manipulation procedure allows the assembly and rearrange-
ment of very small plasmonic structures of high quality, that
is, relatively low damping.?' Furthermore, it provides con-
sistency between measurements, as the very same constitu-
ents can be studied in different spatial configurations.

We start our investigation with a system of a single gold
nanorod placed upon the center of the cavity. The PhC
structure employed for this purpose exhibits hole radii r =
0.28a and resonance wavelengths of 668 and 640 nm for
mode M1 and M2, respectively. The gold nanorods were
synthesized in batch by the seed-mediated growth tech-
nique.** Their extinction spectrum and a transmission
electron microscope image are shown in Figure S1 of the
Supporting Information. Two different configurations are
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FIGURE 2. (a,b) AFM images of a PhC cavity with a gold nanorod
placed on top of its center in different orientations. The nanorod
appears in a slightly different aspect ratio in both images due to the
convolution with the shape of the AFM tip. (c,d) Corresponding
calculated electric field intensity distributions |E|? (for mode M1)
of the configurations shown in (a) and (b), respectively. Each panel
displays x-y, x-z, and y-z cross sections through the center of the
gold nanorod. The logarithmic color scale is always normalized to
the respective |E|* value at the center of the PhC slab.

realized, with the gold nanorod (diameter &~ 20 nm, length
~ 50 nm) being either oriented perpendicular (Figure 2a) or
parallel (Figure 2b) to the waveguide axis. Corresponding
FDTD simulations of the electric field intensity distribution
|E|? for mode M1 are shown in Figure 2c and Figure 2d,
respectively. Apparently, the cavity field couples to the
plasmonic resonance of the nanorod, leading to a shift of
the field maximum from the center of the PhC slab to its
surface. This effect is particularly pronounced if the nanorod
orientation matches the field polarization, as is the case for
mode M1 in Figure 2c. The shifted field distribution is highly
advantageous for all applications where external emitters or
other types of materials placed on top of the PhC structure
have to be coupled evanescently to the cavity mode.
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FIGURE 3. (a,b) Resonance peaks of modes M2 (a) and M1 (b) for
the bare cavity (without nanorod). Red and blue curves refer to
excitation polarizations perpendicular and parallel to the waveguide
axis, respectively. (c,d) Resonance peaks of modes M2 (c) and M1
(d) for the configuration shown in Figure 2a (see inset). (e,f)
Resonance peaks of modes M2 (e) and M1 (f) for the configuration
shown in Figure 2b (see inset). The quality factor Q for each
resonance is determined by fitting either a Lorentzian or a Fano-
type function (eq 3) to the data. A slightly increased fluorescence
intensity is observed when the excitation polarization matches the
orientation of the gold nanorod, resulting from a plasmonic en-
hancement of the nanorod emission.

Wavelength (nm)

To study the impact of the gold nanorod on the quality
factor Q of the cavity, the resonance spectra of modes M1
and M2 are measured and displayed in Figure 3. Clearly, the
quality factor is reduced to values Q ~ 900 for both modes
when the nanorod is oriented parallel to the corresponding
mode polarization (Figure 3d,e) due to increased scattering
and absorption in the metal. Thereby, the asymmetric, Fano-
type>” line shape results from interference effects of light
scattered or radiated directly from the nanorod and light
reaching the detector on other pathways. This effect is
discussed in more detail below. Surprisingly, the quality
factor and line shape is nearly unaffected when the nanorod
is oriented perpendicular to the mode polarization (Figure
3c,f), indicating a very weak coupling between the photonic
and plasmonic resonance. As the modes M1 and M2 are
polarized orthogonal to each other at the center of the cavity
(see Figure 1e,f), the nanorod couples either to M1 or M2,
depending on its orientation. This opens interesting pos-
sibilities to tailor the light-matter coupling, for example, by
creating a system which can be efficiently excited at the
wavelength of the plasmon-coupled mode (with lower Q, but
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FIGURE 4. (a,b) AFM images of a PhC cavity with two gold nano-
spheres placed on top of its center and aligned in different orienta-
tions. The gap between the spheres is (15 £ 5) nm (a) and (5 + 5)
nm (b), respectively. (c,d) Corresponding calculated electric field
intensity distributions |E|*> (for mode M1) of the configurations
shown in (a) and (b), respectively. Each panel displays x-y, x-z, and
y-z cross sections through the center of the gold dimer. The gap
between the two nanospheres is chosen as 20 nm. The logarithmic
color scale is always normalized to the respective |E|? value at the
center of the PhC slab.

high plasmonic field enhancement) and emits at the wave-
length of the unaffected mode (with high Q), or vice versa.
Such a system provides an ideal platform, for example, to
generate and harvest single photons with high efficiency, as
the interaction of the emitter with the excitation field is
strongly increased,?* while a narrow-band emission channel
exists to collect and distribute the generated photons.

Next, we consider a more complex metal structure, that
is, a plasmonic nanoantenna consisting of two gold nano-
spheres (~60 nm in diameter, provided by BBInternational).
A different PhC cavity is employed for this purpose, exhibit-
ing hole radii r = 0.34a and resonance wavelengths 638 and
604 nm for mode M1 and M2, respectively. The nanoan-
tenna is either aligned perpendicular (Figure 4a) or parallel
(Figure 4b) to the waveguide axis. Again, the corresponding
electric field intensity distribution |E|? for mode M1 is shown
in Figure 4c,d, respectively. When the alignment direction
of the gold nanospheres matches the field polarization
(Figure 4c), a pronounced hot spot is created in the gap
between them, which increases in strength with decreasing
sphere separation.” In the example shown in Figure 4c,d,
a moderate gap size of 20 nm is chosen, allowing active
materials (e.g., quantum emitters such as defect centers in
diamond nanocrystals'®*°) to be inserted into this gap. The
calculated |E|? value at the center 7 between the spheres is
still 22 times higher than that of the bare PhC cavity,
potentially enhancing the interaction of the cavity field with
a quantum emitter located at 7.

The enhancement effect can be expressed in terms of the
cavity Purcell factor®®

DOI: 10.1021/n1903555u | Nano Lett. 2010, 10, 891--895
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Here, €(7) is the real part of the dielectric constant. Note that
this definition of the mode volume differs from the one
usually employed, where max {e(|E®|?} appears in the
denominator of eq 2 instead of &(7o)|EFo)|?. This, however,
would result in unrealistically small mode volumes due to
the extremely high local field intensities occurring at certain
points near the metal surface. Consequently, we use the
fixed reference point 7o for all calculations, in this way
automatically accounting for a reduced emitter-cavity cou-
pling when the emitter is not placed at the field maximum
of the cavity mode. From the calculated field distribution
shown in Figure 4d we deduce a reduction of Ve by a factor
of 34 compared to the bare PhC cavity. Together with the
experimental quality factor, which is reduced from Q = 2500
to Q = 720 in the presence of the nanoantenna, this still
yields an ~10 times net enhancement of the Purcell factor
according to eq 1. Details on the effective mode volume,
quality factor, and Purcell enhancement of other gold-cavity
configurations are provided in Charts S1 and S2 of the
Supporting Information.

To probe the modal properties experimentally, we exploit
the intrinsic plasmon-enhanced emission of the gold nano-
spheres as an internal light source.®*” For a single gold
particle this emission is weak compared to the background
fluorescence from the silicon nitride membrane. However,
if the two nanospheres are brought together and excited
along their alignment axis, a strong increase of the fluores-
cence signal occurs (see Figure 5a) due to the hot spot
formation discussed above, accompanied by a redshift of the
plasmon resonance from ~540 nm to wavelengths >600
nm, depending on the exactdistance between the spheres.?®>°
The plasmon-enhanced emission is strongly polarized in the
alignment direction of the nanospheres and clearly domi-
nates over the background fluorescence from the silicon
nitride, allowing us to study the coherent interaction be-
tween the nanoantenna and the cavity mode. This interac-
tion is manifested in the pronounced Fano-like line shape?
observed in the spectrum in Figure 5a. It results from an
interference of the two possible pathways on which a photon
emitted by the source (i.e., the nanoantenna) can reach the
detector, namely directly through emission into a continuum
of extended free-space modes or resonantly through emis-
sion into the cavity mode and subsequent outcoupling to
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FIGURE 5. (a) Fluorescence spectrum from the configuration shown
in Figure 4a (see inset) with the excitation light polarized perpen-
dicular (red) or parallel (blue) to the waveguide axis, respectively.
No polarization filtering is applied in the detection path. (b) Reso-
nance peak of mode M1 for the same configuration as in (a). The
system is excited along the nanosphere alignment direction and
additional polarization filtering perpendicular (filled circles) or
parallel (open circles) to the waveguide axis is applied in the
detection path. A Fano-type function (red curve, eq 3) is used to fit
the data, which was flattened through normalization to the unstruc-
tured background prior to fitting.

free-space modes. Note that a pronounced Fano effect is
only produced when the polarization of the source and that
of the radiation from the cavity mode coincide, as can be
seen from the polarization-resolved spectra in Figure 5b.

We adopt a model by Barclay et al.*° to fit the spectra
in Figure 5b and to estimate the coupling efficiency S
between the plasmonic and photonic resonance. Accord-
ing to ref 30, the spectral line shape of a point-like emitter
coupled to a cavity mode can be described by a function
of the form

E\Ith exp(—iA®) |*
1+ 2i0(1 — A/

S = A1 + (3)

where A is the central wavelength of the cavity mode, &
= & &4 is the ratio of the collection efficiencies for
radiation from the cavity and for direct emission from the
nanoantenna, respectively, A® = ®; — ®. is the phase
difference between these two detection pathways, and A
is a proportionality constant. From corresponding FDTD
simulations of the farfield radiation pattern we deduce a
ratio £ &~ 1.5 in the case of mode M1. Fy, is the Purcell
factor of the photonic resonance and is related to the total
Purcell factor F of the hybrid gold-cavity system through
F = FynFp, with Fp being the Purcell factor of the plas-
monic resonance.” Using eq 3, the fit in Figure 5b yields
a value Fy, =~ 0.65, which translates into a coupling
efficiency 8 = Fpn/(1 + Fpn) & 0.4 between the plasmonic
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and photonic resonance. This value means that approxi-
mately 40 % of the plasmon-enhanced emission from the
nanoantenna couples into the cavity mode. Note that such
a quantitative analysis is not possible for the nanorod-
cavity configuration (Figure 2) discussed earlier, since the
signal from the nanorod is too small compared to the
incoherent background from the silicon nitride.

Our results prove the general feasibility of a hybrid metal-
dielectric cavity system and highlight some of its unique
optical properties, such as the strong field localization as well
as the extreme polarization sensitivity. The main task in
future studies will be to optimize the plasmonic field en-
hancement as well as the coupling efficiency to the PhC
cavity. For example, there is ample room for further im-
provement by carefully designing the metal nanostructures.
The relatively large gold nanorods used here exhibit plas-
monic quality factors Q, ~ 14 (determined by single particle
dark field spectroscopy,®' see Figure S2 of the Supporting
Information), but smaller rods show corresponding values
of up to 22 (ref 21), which can further be improved by ~30 %
through additional coating with a thin silver shell.>> Com-
bining two such nanorods to a dimer (as was done here for
gold nanospheres) may then lead to extremely high field
enhancements.”” However, care has to be taken not to
degrade the quality factor Q of the hybrid system too much,
as a stronger field localization also leads to larger radiative
loss. Consequently, a suitable trade-off has to be found,
depending on the requirements of the specific application.
Future implementations may also use PhC cavities with
higher intrinsic quality factors, for example, made from
gallium phosphide.’* Furthermore, ways have to be explored
to fabricate these devices using scalable lithographic tech-
niques, as the nanoassembly method employed here (al-
though convenient for studying the underlying physics) is
not suitable for large-scale production. Once these issues
have been addressed, hybrid plasmonic-photonic cavities
may find wide application in integrated opto-plasmonic
devices for quantum information processing, as efficient
single photon sources or nanolasers, or as sensing elements
for surface enhanced Raman scattering.>”
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