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Large Spontaneous Emission Enhancement with Silver

Nanocube Dimers on Silver Substrates

Yinhui Kan, Sergey I. Bozhevolnyi,* and Shailesh Kumar*

Nanoantennas and nanocavities are widely used for at-source manipulation of
quantum emission based on the well-known Purcell effect. Here, the
configuration is explored consisting of silver (Ag) nanocube dimers positioned
on Ag substrates to realize large Purcell enhancement of molecular
spontaneous emission. The relationship is investigated between the cube
sizes and separation gap of a nanocube dimer and the resulting Purcell
enhancement, and shows the possibility of achieving the enhancement of up
to 6.4 x 10°. Furthermore, to experimentally demonstrate large Purcell
enhancements, atomic force microscopy is used to assemble Ag nanocube
dimers in the corner-to-corner configuration with the help of prefabricated
corner-to-corner dielectric bricks. The decrease of the lifetime of Ru dye
molecules from 91.7 ns (on a glass substrate) to the instrument response
function limit (1.5 ns) after coupling with nanocube dimers is observed. This
work provides a promising design and realization method for advanced

low emission rates and efficiency, that pre-
vent them from being directly used in ad-
vanced optical technologies.[* 3] Generally,
the SE rates can be significantly increased
with the QEs being placed in engineered en-
vironments with the increased local density
of optical states. The latter can be realized
with different kinds of micro/nano struc-
tures made of either dielectric or metal-
lic (or hybrid) materials that have been de-
signed as nanoantennas and nanocavities in
the last decade.['*17]

The SE rate enhancement for QEs
coupled with micro/nano structures with
respect to that in free space is normally
characterized by the Purcell factor, which is
proportional to the ratio between the quality

photon sources, e.g., atom-like single-photon emitters with extremely large

decay rates.

1. Introduction

Spontaneous emission (SE) is one of the fundamental processes
for generating single photons that are crucial for modern optics
and relevant applications, such as quantum communications,
sensing, and computing.'=*! The SE rates of quantum emitters
(QEs) are not only determined by QEs themselves but also by
the surrounding (nanostructured) environment as a result of the
Purcell effect.[*8] Owing to this effect, the photon emission can
be tailored at source by coupling with carefully designed nanos-
tructures to overcome the intrinsic problems of most stand-
alone (i.e., in homogenous environment) QEs, including quan-
tum dots, molecules, and defect centers in diamonds, featuring
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factor and mode volume of the resonant
micro/nano structures.'®201 It has been
established that dielectric cavities show
limited SE rate enhancements because of
the diffraction limit imposed on the cavity size and the slow out-
of-cavity emission for cavities with too large quality factors.!?!:?2]
On the contrary, plasmonic nanocavities are not subjected to the
diffraction limit and thus can be made extremely small. This
opens the possibility for realizing extremely large SE enhance-
ments, even in the presence of inevitable absorption losses. Con-
figurations like nanospheres,!?*?*] nanowires,!%>21 V grooves, %]
and recently developed metasurfaces have been applied to in-
crease the SE rate.[?#?%] Some of the latter configurations allow
one to also go beyond the SE rate enhancement and engineer the
SE directionality and polarization.[**-33] Plasmonic antennas fea-
turing small gaps have been proposed and utilized for obtaining
large fluorescence enhancements. Bowtie antennas were utilized
for obtaining single molecule fluorescence enhancements of up
to 1340.34 Metal nanoparticles (nanocubes or nanobricks) on top
of metal films (NPoM) with small dielectric nanogaps, have been
demonstrated as another promising configuration to enhance
the SE rate for molecules,*3¢ quantum dots,*”*® and color
centers in nanodiamonds.*! High Purcell factors have been
theoretically obtained for some of the NPoM structures.[1940-42]
For example, for a gold nanosphere placed on a gold mirror
with a 0.9 nm gap, the Purcell factor obtained was = 3 x 10°.14"]
In experiments, with NPoM configuration a fluorescence en-
hancement larger than 30 000 was reported,*®! and in a similar
configuration Purcell enhancements of ~ 2000 was obtained.*”]
Although dimer antennas have been proposed before with dif-
ferent variations including bowties®**}! and cube dimers,!**] the
realization of extremely high Purcell enhancements with reliable
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Figure 1. Schematic of an Ag nanocube dimer on a silver coated substrate
coupled to Ru dye molecules resulting in large Purcell enhancement of
molecular spontaneous emission.

experimental method remains elusive and intensively sought
after.

In this work, we use silver (Ag) cube dimers on Ag-coated
substrates to form nanoscale cavities enabling large Purcell
enhancements. Ag-coated substrates help in reducing the gap
mode volume and further enhance the SE rate when com-
pared to Ag cube dimers on dielectric substrates.[?*4] We in-
vestigate the relationship between the cube sizes and separa-
tion gap and the resulting Purcell enhancement for QEs with
their radiative dipoles oriented along the nanodimer gap. It
is found that the Purcell enhancement of up to 6.4 X 10, is
feasible. To experimentally demonstrate large Purcell enhance-
ments, we use an atomic force microscope (AFM) to move Ag
cubes forming corner-to-corner dimers with the help of prefabri-
cated corner-to-corner polymer (HSQ) bricks. Ru dye molecules
[(bis(2,2'-bipyridine)—4,4’-dicarboxybipyridine-ruthenium di (N-
succinimidyl ester) bis(hexafluorophosphate)], which have a rel-
atively long lifetime in visible frequency, are used to demonstrate
the Purcell enhancements with the lifetime decrease from 91.7 ns
(on a glass substrate) to the instrument response function limit
(1.5 ns) after coupling with the designed Ag cube dimers.

2. Results and Discussion

Figure 1a shows a schematic of the considered configuration con-
sisting of Ru dye molecules coupled with an Ag nanocube dimer
located on a 150-nm-thick Ag film (a silicon substrate supporting
the dimer-film arrangement is not shown). Two Ag nanocubes
are arranged in a corner-to-corner configuration, forming thereby
a nanoscale gap. In this work, we use Ru dye molecules with the
emission peak at ~#630 nm when driven by an excitation laser
(532 nm). The fluorescent molecules located at the top edge of the
gap, where the local density of state is large, whose SE rates are
expected to be significantly enhanced due to efficient coupling
to a strongly confined plasmonic gap mode. Due to the Purcell
enhancement, the molecules inside the gap emit photons faster
than those located at other areas, thus dominating the total pho-
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ton emission being collected in the far-field. It should be noted
that the Purcell enhancement is maximized for the QEs having
their radiative dipoles oriented (parallel to the prevailing electric
field component of the plasmonic gap mode.!'!

As shown in Figure 2, the coupled system consists of two Ag
cubes of the same size with an edge length L that are placed in
a corner-to-corner configuration separated by a gap d. For sim-
plicity, in this work, the cube orientation 0 is fixed at 45°. The
QE (i.e., Ru dye molecule) is modeled as a horizontal electric
dipole placed in the middle of the gap d with a height h, at the
top edge of the cubes (i.e., h = L). Nanocube dimer together with
QE is immersed in a thin (200 nm) silica (SiO,) film as shown
in Figure 2b. The simulations are conducted utilizing 3D finite-
difference time-domain (FDTD) method. We define the Purcell
factor as Py = (y,,y + 7,,)/7o and the quantum efficiency (QEy)
as QFy = ¥,u4/V: » Where y,,4 and y,, are the decay rates of ra-
diative and nonradiative channels in the system with antenna
structures, respectively; y,,, = 7,44 + 7., is the total decay rate; y,
is the decay rate of the emitter in the vacuum (we disregard the
intrinsic nonradiative dissipation in the emitter, and the emit-
ter is treated as an electric dipole in the simulation). We then
calculate the influence of the cube size and gap distance on the
Purcell factor and QEj. With a fixed dimer gap of d = 1 nm,
we first analyze the influence of the cube size on the Purcell en-
hancement. As can be seen in Figure 2c, the Purcell factor is very
large for a broad range of wavelengths and for different sizes
of cubes with L ranging from 20 to 100 nm. Large Purcell en-
hancements are obtained in a broad spectral range, because the
quality factor of these (plasmonic) cavities is low ~10. For bigger
cube sizes, we are away from cavity resonance and the enhance-
ments are obtained mainly due to the confinement of the field
in the gap of the cube dimer. For L = 20 nm, the Purcell factor
reached 4.8 x 10° at the wavelength 623 nm. Considering Ru dye
molecules with the emission peak at ~ 630 nm, the optimal cube
size is L = 22 nm with the Purcell factor reaching 6.4 x 10° (the
line is not plotted).232+3>-3] In our experiment, we focus on the
cube size with L = 100 nm, which can give a broadband and rel-
atively large Purcell factor (~ 1 x 10°), though it is not as large
as that for the optimum cube size with L = 22 nm. It is easily
understood that with an increase in the gap d, the Purcell factor
would decrease, as illustrated in Figure 2d. However, with a gap
d = 10 nm, the Purcell factor can still be larger than 1 x 10°. As
shown in Figure 2e, we can see the effect of cube size on QFy
for a fixed gap distance d = 1 nm. We observe that QF; can be
resonantly enhanced at the wavelength of 680 nm and cubes with
L =50 nm, while the cubes with L = 100 nm are overall most ef-
ficient. This is due to higher scattering efficiency of larger cubes.
We define SE enhancement (radiative part) as a product of Purcell
factor and QEy. For L =100 nm, the SE enhancement (3.5 X 10%)
is larger than those obtained for smaller cube sizes. With an in-
crease in the gap distance, the SE enhancement decreases, even
though the quantum efficiency QEj; increases, resulting in vari-
ous possibilities for the performance optimization. We also note
that the observed photon count rate depends on the collection ef-
ficiency as well as the optical set-up used for the collection and
detection of photons.

To experimentally demonstrate the large Purcell enhance-
ment, we arrange Ag cube dimers using an AFM and deposit Ru
dye molecules (with the size of 0.9 nm*’)) in the gap of the cube
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Figure 2. Purcell enhancement of a QE in a nanocavity built with corner-to-corner Ag nanocube dimer. a) Top view of the QE coupled Ag nanocube
dimer configuration. b) Cross section view of the configuration. c) Relationship between the Purcell enhancement and the cube size, the gap distance
is fixed at d = 1 nm. d) Relationship between the Purcell enhancement and the gap distance, the cube size is fixed with the side length of 100 nm. e)
Relationship between the quantum efficiency QE and the cube size, the gap distance is fixed at d = 1 nm. f) Relationship between Qg and the gap
distance, the cube size is fixed with the side length of 100 nm. The height of emitter is fixed at the top edge of the cube (i.e., h = L).

dimer. The fabrication process is illustrated in Figure 3. First, a
150 nm thick Ag film is deposited on a Si Wafer, which is used as
the substrate. We then spin-coat hydrogen silsesquioxane (HSQ)
(refractive index = 1.41) film with a thickness of 150 nm.’! HSQ
brick dimers are fabricated with edge lengths of 100 nm and a
separation of ~10 nm. HSQ brick dimers are used to catch Ag
cubes in the spin-coating process and to further utilize them in
the moving process of Ag cubes using AFM, to assemble the Ag
cube dimers. The Ag cubes found within a short distance, that
is, nearby HSQ bricks were moved by the AFM tip to form cube
dimers in a corner-to-corner configuration, following the process
illustrated in detail in our previous work.l**] Ru dye molecules are
then spin-coated on the samples, which results in some of the
molecules getting placed in the gap of Ag cube dimers.

Figure 4 illustrates the fabrication and assembling process of
Ag cube dimers. Figure 4a shows a dark-field microscope im-
age of an area (100 x 100 pm) with fabricated HSQ markers and
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bricks. The markers are used to build a coordinate system and
are used to determine the position of cube dimers. The solu-
tion containing Ag cubes with a proper concentration is spin-
coated on the surface, on which the cubes are randomly and al-
most evenly distributed (Figure 4b). Most of the cubes on the
substrate are separate, while some cubes get conjoined as cube
dimers even without moving with the AFM (Figure 4c). As shown
in Figure 4d,e, for the cubes near the HSQ bricks, we can use
AFM to move the cubes close to the HSQ bricks. Once two Ag
cubes are placed at the corner of the HSQ brick dimer, they form
the Ag cube dimer as expected (Figure 4f).

The Ru dye molecules are excited by a 532 nm linearly polar-
ized pulsed laser. In this work, we mainly focused on the decay
rate (lifetime) of Ru dye molecules, the concentration of molec-
ular solution and the intensity of pulsed laser (spot size is about
0.5 pm) were differently adjusted in different cases to obtain suf-
ficient photon counts (~20 kcps) for the decay rate measurement
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Figure 3. Fabrication process of the coupled system, that is, Ru dye molecules assembled together with Ag nanocube dimers.

(e.g., on the glass, both the concentration and laser power should
be high). Decay rate curves are measured by taking histograms of
the time interval between a laser sync pulse to a detection event
on an avalanche photodiode (APD), using an electronic timing
equipment (Picoquant, PicoHarp 300) in a start-stop configura-
tion. As references, the lifetimes of Ru dye molecules on glass
and Ag film substrates are measured being 91.7 ns and 126.7 ns,
respectively (Figure 5a). The difference in lifetimes is mainly

(@) (b)

caused by the difference in the local density of optical states for
different positions and orientations of Ru dye molecules on the
two surfaces. In particular, an increase in lifetime for dipoles par-
allel to the surface of a metallic film happens due to the formation
of an image dipole that reduces the strength of the dipole emis-
sion, and therefore a suppression of emission is observed,!*¢]
thus experimentally once the molecules form a few-nanometer
layer on the silver film, the lifetime may increase comparing with

Figure 4. Assembling of Ag nanocube dimers. a) Dark field microscope image of fabricated HSQ bricks and markers. b) Dark field microscope image,
taken after spin-coating Ag cubes. c) SEM image of Ag cubes and HSQ bricks. The scale bar, 200 nm. d) AFM image of the area with Ag cubes and HSQ
bricks before moving with AFM. e) Zoom-in image of the focused area in (d). f) Ag cubes after their movement by an AFM tip.
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Figure 5. Experimental demonstration of SE enhancement of Ru dye molecules when coupled to Ag nanocube dimers. a) Life-time measurement of Ru
dye molecules on Ag film substrate, glass substrate, coupled with single Ag cube, coupled with Ag nanocube dimers. b) Spectra of Ru dye molecules on

glass substrate and when coupled with Ag nanocube dimers.

that on the glass substrate. When coupling with individual Ag
cubes, the lifetime decreases. By fitting the measured data, with
two exponential decay curves, the lifetimes obtained are 4.7 ns
and 38.1 ns, which mainly result from the different positions of
molecules on the Ag cube, resulting in more than one coupling
regime. The dominant part of the lifetime decreases to 1.5 ns
when measured for Ru dye molecules coupled with the Ag
cube dimer. It should be noted that this lifetime measurement
has reached the instrument response function (~1.5 ns) limit.
Therefore, the Purcell enhancement is larger than 61 times
when compared to Ru dye molecules on a glass substrate, which
experimentally demonstrates the large Purcell enhancement of
the designed configuration. We note that this is a lower bound for
the Purcell enhancement as the lifetime measured for molecules
in dimer cavities reached the IRF limit. From the spectra shown
in Figure 5b, the emission peaks of Ru dye molecules are around
630 nm before and after coupling with the designed configura-
tion. It should be noted that this configuration can also be applied
to other kinds of QEs with different initial lifetimes and emission
wavelengths by appropriately changing the size of Ag cubes.

3. Conclusion

In summary, we propose a configuration consisting of corner-
to-corner Ag cube dimers on silver substrates for realizing ultra-
large SE enhancement. We investigated the influence of the cube
size and the gap distance on the Purcell enhancement, show-
ing that the Purcell factor can reach 6.4 x 10° for the targeted
wavelength (630 nm, Ru dye emission peak). Furthermore, we
presented an approach for experimentally realizing the proposed
configuration with the help of AFM and prefabricated HSQ brick
dimers. We show that the lifetime of Ru dye molecules drasti-
cally decreases to reach the instrument response function limit
(1.5 ns) when coupled to the Ag cube dimer, which demonstrates
more than 61 times Purcell enhancement compared to that on
glass substrate. We expect that this design and realization ap-
proach will make a new avenue for designing advanced quantum
light sources with extremely large decay rates.
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