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ABSTRACT: Cavities are the building blocks for multiple
photonic applications from linear to nonlinear optics and from
classical optics to quantum electrodynamics. Hyperbolic
metamaterial cavities are one class of optical cavities that have
recently been realized and shown to possess desirable character-
istics such as engineered refractive indices and ultrasmall mode
volumes, both beneficial for enhancement of light−matter
interactions at the nanoscale. We hereby report the design,
fabrication, and experimental characterization of nanoscale
hyperbolic metamaterial cavities at the visible frequency. We
show experimentally that these nanocavities enhance the light−
matter interaction at the nanoscale and demonstrate increased
photonic density of states and enhanced free space radiation efficiency of quantum dots coupled to such cavities, thus
demonstrating the importance of hyperbolic metamaterial cavities for applications in solid-state light sources, quantum
technologies, and cavity quantum electrodynamics.
KEYWORDS: hyperbolic nanocavities, quantum dots, Purcell factor, light−matter interaction, far-field radiation enhancement,
nanoscale cavity quantum electrodynamics

In the fields of quantum information processing and
quantum communications it is highly desirable to engineer
optical nanocavities with ultrasmall mode volumes (Vm)

that can be strongly coupled to quantum emitters for the
purpose of enhancing light−matter interaction.1−5 Examples
include most dielectric microcavities such as microspheres,6

microdisks,7 and photonic crystals8 designed to enhance the
light−matter interaction. In such cavities, high quality factors
(Q-factor) can be achieved alongside with mode volumes on
the order of a wavelength.9 The strong light−matter
interaction in and around these cavities is useful for different
applications in nanophotonics including nonlinear optics,10

optomechanics,11 and quantum optics.12 However, further
reduction in cavity sizes and mode volumes of dielectric
cavities is limited by the dielectric constant of the cavity
materials and by the index contrast between the cavity and
surrounding medium, resulting in deterioration of the Q-factor
for reduced cavity size,13 which sets a restriction for true
nanoscale manipulation of light.
Alternatively, in metallic nanostructures, electromagnetic

fields are confined within the cavity due to the properties of the
metal, including the capability to support surface plasmon
polariton (SPP) modes on the metal−dielectric interface. This
evanescent confinement is due to the SPP dispersion.14 These

confined modes create strong field enhancement and can be
used for creating cavities with ultrasmall mode volumes.15

Plasmonic nanocavities have been proposed theoretically as a
means to create ultrasmall modal volumes, whereas exper-
imental demonstrations push cavity sizes down to (λ/3)3.16

Very recently, plasmonic nanocavity patch antennas were used
for enhancing fluorescent emission,17−19 lasing,20 and even
strong coupling of a single molecule to a cavity mode.21

However, drawbacks of metallic or plasmonic cavities include
the random cavity formation on the sample surface and
sometimes incompatibility with modern nanofabrication
techniques. Therefore, the search for nanocavities with
ultrasmall mode volume and high refractive index for
enhancement of light−matter interaction and as a platform
for cavity-quantum electrodynamics (QED) applications
continues.
In parallel, artificial nanostructures designed to manipulate

light at the nanoscale are known as metamaterials,22 which are
engineered nanostructure with artificial optical properties. The
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use of metamaterials’ optical characteristics such as negative or
zero refractive index,23 artificial birefringence and dichroism,
and engineered dispersion has enabled the demonstration of
super-resolution imaging,24 clocking,25,26 and ultrahigh re-
fractive index.27 Recently, the effect of nonlocality on the
Purcell’s factor of a quantum emitter inside metamaterials was
demonstrated.28

A subclass of metamaterials is that of hyperbolic
metamaterials, which show the optical equivalent of a “Lifshitz
transition”, also known as optical topological transitions.29,30

Typical hyperbolic metamaterials (HMMs) are indefinite
media made of thin, alternating layers of metallic and dielectric
materials, in a manner creating strong birefringence and
resulting in a hyperbolic dispersion surface in momentum
space, contrary to the ellipsoidal or spherical dispersion of
natural materials, as shown schematically in Figure 1(a,b). This

hyperbolic dispersion leads to dramatic changes in the
photonic local density of states (LDOS) in and around the
metamaterial.30−35 The changes in the LDOS result in
broadband enhancement of the emission of quantum emitters
(QEs) inside and on top of bulk HMMs,36 with a theoretical
Purcell factor of up to (λ/a)3 (where a is a lattice constant of
multilayers) in such systems.37,38 Experimentally, the Purcell
factor enhancement near HMMs was shown to reach values of
102−104 for quantum emitters placed inside the HMM.36,39

Previous reports were concentrated on the coupling of QEs to
bulk HMM modes, which eventually converts into heat due to
ohmic losses in the metal layers embedded in the HMM.40

Even though such coupling enhances the decay rate of the
quantum emitters, the far-field radiation is not enhanced due
to lack of an efficient out-coupling mechanism.41,42 Therefore,
in order to enhance the free-space radiation efficiency of
quantum emitters and light-emitting devices, the free-space
coupling must be addressed, as lifetime shortening alone is

insufficient. This is of significance for applications of quantum
communications as well as solid-state light-emitting devices. In
this context, enhanced free-space emission was shown in an
HMM grating structure,43,44 but these grating structures still
limit the use in nanoscale optical devices.
In this paper, we demonstrate far-field radiation enhance-

ment and lifetime shortening of quantum emitters by coupling
to subwavelength HMM nanocavities with engineered
resonant optical frequencies. HMM cavities were theoretically
proposed by Jie Yao et al.45 and realized by Xiodong Yang et
al.,46 at near-infrared frequencies. These cavities have been
shown to yield an anomalous scaling law causing cavities of
different sizes to have the same resonance frequency. A
theoretical prediction of free-space radiative enhancement was
calculated to be up to 100-fold for a dipole in great proximity
to the cavity.47,48

However, to date there is no experimental demonstration of
coupling between HMM cavities and quantum emitters at
visible frequencies. Specifically, previous demonstrations lack
the spectral overlap between cavity eigenmodes and quantum-
dots’ emission spectrum, and therefore free-space radiative
emission enhancement (FREE) of quantum emitters coupled
to HMM cavities was not demonstrated.
Below we discuss the design of HMM cavities engineered for

FREE and experimentally demonstrate the lifetime shortening
and emission enhancement of quantum dots placed around
such structures.
Figure 1(a) shows the alternating metal−dielectric multi-

layer stack, which is one example of hyperbolic metamate-
rials.49 The thickness of the metals and dielectrics are tm and td,
respectively, and therefore the metal filling fraction is defined

as = +f t
t t

m

m d
. Both metal and dielectric layers are of

subwavelength thickness (tm, td ≪λ), which allows us to
approximate this multilayer system as a uniform effective
medium whose dielectric tensor can be calculated using the
Maxwell−Garnet effective medium theory. Figure 1(b) shows
the schematic diagram of the hyperbolic isofrequency topology
of our HMM medium, compared to the circular isofrequency
topology for light propagation in the isotropic medium.
The effective refractive index of a cavity is defined as neff =

Kcavity/K0, where Kcavity is the wave vector in the cavity and K0 is
the free-space wave vector. The fundamental bottleneck to
reduce mode volume in dielectric cavities below the
subwavelength limit is the limited dielectric constant of
dielectric materials used to form the cavities. This fundamental
limit can be described by the closed spherical isofrequency
surface of these dielectrics. As the mode volume of the
dielectric cavity keeps decreasing to reach the order of the
wavelength, the wavevector inside the cavity increases and
reaches the radius of the isofrequency surface. Further
reduction of the cavity size requires the wavevector to be
larger than the radius of the isofrequency surface. As a result,
no propagating modes are allowed. These large wavevectors
are evanescent.
In contrast, for the case of ideal hyperbolic metamaterials,

the cavity wavevector KHMM may have infinite values at any
frequency, due to the engineered refractive index. Therefore,
one can achieve any cavity wavevector (propagating) and
effective refractive index neffective with allowed KHMM values, and
thus the cavities can be realized in true subwavelength
dimensions. Due to the scaling of neffective with KHMM, different
hyperbolic cavities share the same resonant frequency if they

Figure 1. (a) Schematic diagram of the hyperbolic structure
containing multilayers of dielectric (Al2O3) and metal (Ag) layers.
(b) Schematic diagram of the hyperbolic isofrequency surface for
multilayer hyperbolic metamaterials which includes the spherical
isofrequency surface of free space.
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reside at the same hyperbolic isofrequency topological surface.
The allowed KHMM values of practical multilayer metamaterials
are only restricted by the material losses and effective thickness
of the multilayers. The black dotted line in Figure 1(b) shows
the XZ cut of the hyperbolic isofrequency topology.

RESULTS AND DISCUSSION

To enable the enhancement of solid-state light-emitting
devices, we have fabricated the designed circular nanoscale

HMM cavities having different radii from 95 to 115 nm, with a
constant height of 125 nm. Our HMM structure consists of
alternating metallic (Ag, silver) and dielectric layers (Al2O3,
alumina) with a thickness of 16 and 24 nm, respectively,
schematically depicted in Figure 2(a). The thickness of each
layer and the periodicity are very small compared to the
wavelength of light. This small period allows us to model an
effective dielectric constant of a multilayer using effective
medium theory (EMT). Our device consists of three such

Figure 2. (a) Schematic diagram of the cavity with tilted side walls. (b) FESEM image of the cavity array size of 105 nm (scale bar 500 nm).
(c) FE-SEM image of the single cavity (scale bar 200 nm).

Figure 3. (a, b) Experimental results and FDTD simulations of the transmission spectrum from cavity arrays with a radius of 95 nm (a) and
105 nm (b). (c, d) Color map showing the simulated and measured transmission as a function of wavelength and cavity radius. (e, f) Color
map showing the simulated and measured transmission as a function of wavelength and cavity filling fraction.
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periods and a 5 nm dielectric spacer layer on top of the cavity;
thus the total thickness is 125 nm. Figure 2(b) shows a
scanning electron microscope (SEM) image of one of our
cavity arrays, with a cavity radius of 105 nm, made by
nanofabrication techniques (see Methods). From the figure, it
is clear that the side walls of the cavity are inclined. This is due
to the lift-off process used in the nanofabrication. The
inclination angle was assessed to be ∼65° by high-resolution
SEM images. Figure 2(c) shows the high-resolution image of
the same array.
As mentioned earlier, the effective dielectric components of

the dielectric tensor of these metal−dielectric multilayer
metamaterials are calculated by EMT. The dielectric constant
of Al2O3 is taken as 2.56, and for silver the Drude model is
used, with a metal filling fraction of 0.4.31 More details on
these effective medium calculations are given in the Supporting
Information. From the effective medium calculations, we see
that for wavelengths longer than 500 nm one of the principal
components of the dielectric tensor becomes negative.
Therefore, beyond this wavelength, the topology of our
structure’s isofrequency surface becomes hyperbolic. The
transitions from spherical topology to a hyperbolic topology
of an isofrequency surface is known as a “topological
transition”, and beyond this transition point our cavities
behave as a type II hyperbolic metamaterial.
Before we use these hyperbolic nanocavities for enhancing

light−matter interactions, it is important to show that these
nanocavities indeed support type II hyperbolic dispersion. To
do so, we have experimentally measured the transmission of
these cavity arrays and compared these measurements to a
numerically calculated transmission spectrum using 3D finite
difference time domain (FDTD) simulations. Figure 3 shows
the experimentally measured transmission alongside the
numerically calculated values. Figure 3(a) shows the trans-
mission spectrum and matching simulations of two circular
cavities with radii of 95 and 105 nm, respectively, with the area
fraction being 20% for both arrays. Experimental results are in

good agreement with the spectra obtained from the FDTD
simulation. In the FDTD simulation, we have taken into
account an inclination angle of 65°. Both measured and
simulated transmission results show three dips corresponding
to three different resonant modes of the cavity. These three
modes are identified as modes (2,1,1), (2,1,2), and (2,1,3),
respectively, as shown in Figure 3(a,b). The mode indices are
numbered according to the number of half-wavelengths in the
standing wave behavior of the electric field along the z-axis
(Ez) inside the cavities.

46,50 The resonant modes’ signatures in
our transmission measurements are broadened and of lower
contrast relative to the simulation, due to the limited coupling
strength between the cavities and incident plane wave and
fabrication imperfections (such as roughness and cavity size
distribution). The small red-shift of the cavity resonance is
probably due to a small deviation from the expected side-wall
tilt from the simulated 65°.
Figure 3(c,d) show a 2D color map of the transmission as a

function of wavelength and cavity radius. Five different cavity
sizes were considered in both simulation and experiment,
respectively, as indicated in the figure. All three modes have
the same type of spectral tuning with the cavity size but with
different spectral positions. Figure 3(e,f) show a 2D color map
of the transmission as a function of wavelength and cavity area
filling fraction. The cavity radius was fixed at 105 nm. For
changing the area fraction of the cavities, we have changed the
lattice spacing between the cavities in both the simulation and
experiment. For the least filling fraction of 5% we are not able
to observe the three-cavity resonance; rather we observed the
broad dip in the transmission spectrum overlapping all three
modes (see Supporting Information). This is due to the very
small coupling efficiency of cavities in sparse arrays. By
increasing the area fraction we begin to observe all three
modes with increased coupling strength. All the individual
plots for transmission shown in Figure 3(c,d) and (e,f) are
provided in the Supporting Information.

Figure 4. (a) Electric field profile of the cavity resonance for the 105 nm cavity radius at three different resonant modes. Electric field profile
at 648, 810, and 1053 nm corresponding to modes (2,1,1), (2,1,2), and (2,1,3), respectively. (b) Electric field profile of the cavity resonance
for a 105 nm cavity radius at three different resonant modes. Electric field profile at 648, 810, and 1053 nm corresponding to modes (2,1,1),
(2,1,2), and (2,1,3), respectively.
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To better understand the physical nature of our cavities’
resonant modes, we have plotted some of the Ez and Hy
electromagnetic field components for an HMM cavity with a
radius of 105 nm and a filling fraction of 20%. Figure 4
(column a) shows a cross-section of the Ez component in the
xz plane for the (2,1,1) mode at λ = 648 nm (top panel),
(2,1,2) mode at λ = 810 nm (center panel), and (2,1,3) mode
at λ = 1053 nm (bottom panel). Figure 4 (column b) shows
cross-sections of the Ez component in the xy plane (in the
same order), while Figure 4 (column c) shows a cross-section
of the Hy component, again in the xz plane. The (2,1,1) and
(2,1,2) modes have strong dipolar fields in the x-direction (see
Supporting Information) and are therefore strong scattering
modes for illumination in the z-direction, as is seen in our
experimental results presented in Figure 3. By reciprocity,
these modes should also be efficient couplers of the near-field
to radiation. As seen in Figure 4 (columns a and b, top and
center panels), these modes have higher order multipole
moments of the Ez component along the z-axis, which provides
a large k-vector suitable for excitation of quantum emitters.
The difference between the (2,1,1) and the (2,1,2) modes

lies in the behavior of the internal fields: the (2,1,1) is a
“plasmon-like” mode with a near-zero Ex internal field (i.e., the
field is weak within the material), whereas the (2,1,2) mode is
of “dielectric-like” nature with a strong internal dipolar field. As
a result, the (2,1,1) has a stronger dipole moment seen as a
stronger scattering in our experiments (see Figure 3).
The (2,1,3) mode at λ = 1053 nm is a high-order multipolar

mode with a weak dipole moment (“dark” mode, see
Supporting Information) and therefore does not couple well

to radiation (although in principle it may couple strongly to
localized sources due to its high k-vector). This behavior may
be seen in our experimental results presented in Figure 3,
where the (2,1,3) mode is poorly interacting with radia-
tion.51,52 It should be stated that the (2,1,2) and (2,1,3) modes
are similar to the modes seen in bulk hyperbolic materials with
type II dispersion.53−56 Due to the strong dipole moment of
the (2,1,1) mode, it is particularly suitable for near-field
coupling to quantum emitters such as quantum dots located
outside the cavity. In the case of quantum dots placed inside
the cavity, the (2,1,2) and (2,1,3) are more relevant.
It is worth discussing here the physical nature of the high-

wavenumber modes in our nanocavities, which are depicted in
Figure 4. In the case of infinite bulk multilayer hyperbolic
metamaterials, the high-wavevector modes arise from the
coupling of SPPs at the interfaces of the dielectric layer with
the surrounding metal. Such coupled modes are known as
Bloch or volume plasmon polaritons.57 When the bulk
multilayer stack is patterned and nanocavities of metal−
dielectric multilayers are generated, these Bloch or volume
plasmon polaritons form standing waves inside the cavity due
to large momentum mismatch between the cavity and
surrounding medium (air), which results in boundary
reflection in the transverse direction. For cylindrical nano-
cavities, these modes are called Hankel-type SPPs, as they are
described mathematically by Hankel functions.58,59

After characterizing our HMM cavities, we have studied
whether these structures may enhance the far-field radiation of
quantum dots, a question previously studied theoretically but
not experimentally, for our structure.47

Figure 5. (a) FDTD simulation showing the enhancement of both the power radiated to the far-field and the total power emitted by the
broadband quantum dot which is the proximity of the cavity size 105 nm (see Supporting Information for more details). The figure also
shows the simulated transmission spectrum for the same cavity (b) color map showing the far-field radiation power enhancement (FREE) as
a function of cavity size and wavelength. (c) Measured far-field emission from the QD coupled to HMM cavities with different cavity size. (d)
Measured far-field emission from the QD coupled to HMM cavities with a different filling fraction. The slight asymmetry in the PL emission
spectrum from the bare glass sample is probably the result of surface states. All calculation is for a dipole positioned 4 nm away from the
cavity base (see Figure SI3) and polarized along the z-axis.
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Most of the previous experiments on quantum emitters
coupled to hyperbolic metamaterials demonstrated total decay
rate enhancement due to large LDOS. The total decay rate is
proportional to Purcell’s factor of the quantum emitter in the
HMM environment. This Purcell’s enhancement includes not
only enhancement of radiative modes but also the emission to
the nonradiative modes in the HMM which may not couple to
the far field due to metal losses.60 To increase far-field emission
enhancement, the device should provide a high scattering rate
as compared to the rate of absorption. In our experiment we
have demonstrated enhanced far-field emission, also called
enhanced useful radiation (EUR).61 This figure of merit seems
to fit better to applications where the radiative emission rate is
of interest. Figure 5(a) shows the normalized far-field power
radiation rate enhancement as a function of wavelength for a
broadband dipole source in the proximity of our HMM cavity.
In Figure 5(a), we have also shown the simulated transmission
spectrum of the same cavity for comparison. Far-field radiation
emission enhancement rate (FREE) calculated using power
radiated to the far-field and details of these calculations are
given in the Supporting Information. From Figure 5(a), it is
clear that FREE has a peak at the wavelength corresponding to
the cavity modes. This indicates the significance of cavity
resonance in FREE processes. Figure 5(c) shows the FREE
map for different cavities as a function of wavelength. This
figure is very similar to Figure 3(b) and indicates that for all
cavities FREE matches with their corresponding resonance
mode.
To experimentally demonstrate this far-field emission

enhancement, we performed steady-state PL measurements
on a monolayer QD coupled to an HMM cavity array. The
density of QDs was carefully controlled to obtain a uniform
QD density around all the cavities. Figure 5(b) shows the
measured PL emission enhancement from cavities with
different sizes as compared to the control sample. The control
sample consists of a very large multilayer pad (200 μm × 200
μm), and the beam size in the experiment is on the order of 5
μm. For all practical purposes, we can consider the control
sample as bulk HMM.

All HMM cavity sizes show enhancement compared to the
control sample. The far-field emission shows nonmonotonic
variation with cavity size. This is due to the change in the
spectral overlap between cavity resonance and QD emission
spectrum for different cavity sizes, this being a typical
nanoantenna behavior. The maximal emission enhancement
is obtained for cavities with a radius of 100 nm, which indicates
that this is the cavity structure having the best spectral overlap
between the cavity resonance and the QD’s emission spectrum.
Figure 5(d) shows the PL spectra of cavities with a radius of

105 nm for cavity arrays having different filling fraction (i.e.,
varying periodicity). One can note two important results: (a)
the photoluminescence (PL) of QDs deposited on the HMM
structures (both bulk and cavities) is red-shifted compared to
the PL of QDs on glass. This red-shift is weakly dependent on
the cavity size and is attributed to the effect of spectral
variation of the Purcell factor over the QD emission
spectrum.62 (b) We see emission enhancement (compared to
bulk HMM) for all cavity periodicities. At small filling fraction
(5% and 10%), the PL is enhanced also relative to the PL of
QDs on the glass (∼1.2 for 5% and ∼1.68 for 10% filling
fraction as compared with PL emission from the bare glass
substrate; for simplicity of calculation, the enhancement is
defined as the ratio between peak intensity in the PL spectrum
of QDs coupled to the HMM cavity and glass, respectively).
This is an important result, as it shows beyond doubt that the
far-field emission that is enhanced by HMM cavities dominates
over the lossy decay channels in both HMM cavity (5% and
10%) materials. Therefore, properly designed HMM cavities
can be used for the purpose of far-field radiation emission
enhancement in solid-state light-emitting devices. As the filling
fraction of the cavities increases, the enchantment decreases
due to quenching, and at a filling fraction of ∼25% the
emission intensity reaches that of the control sample (bulk
hyperbolic metamaterial, i.e., filling fraction of 100%).
To demonstrate the increase in radiation rate from the QDs,

we have also performed time-resolved measurements on a QD
monolayer placed on top of the cavity arrays. Figure 6 shows
the time-resolved photoluminescence measurements from a

Figure 6. (a) Time-resolved decay curves as a function of three different sized cavities. (b) Time-resolved decay curves as a function of three
different cavity filling fractions for a 105 nm cavity radius.

ACS Nano Article

DOI: 10.1021/acsnano.9b05730
ACS Nano 2019, 13, 11770−11780

11775

http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b05730/suppl_file/nn9b05730_si_001.pdf
http://dx.doi.org/10.1021/acsnano.9b05730


monolayer of QDs coupled to HMM cavities. Figure 6(a)
shows the time-resolved measurements for three different
cavity radii: 95, 105, and 115 nm, respectively. To better
understand the variation in decay rate with respect to the
cavity size, we have also plotted the decay curves of the QD
monolayer placed on top of the bare glass substrate and the
bulk reference hyperbolic metamaterial (control sample) in all
the figures. From Figure 6(a) it is clear that the decay rate is
changing with cavity dimensions, and proper design allows us
to increase the decay rate and therefore enhance the emission.
It is worth noting that the combination of measurements we
have performed (spectral PL and TRPL) validates that the
HMM cavities enhance both the far-field radiation rate and far-
field emission enhancement (FPL) as well as the decay rate as
compared to the bulk (control) sample.
When the cavity size is increased from 95 nm to 115 nm, the

HMM cavity resonance is detuned from the QD emission
spectrum. For cavities with a radius of 95−105 nm, the cavity
resonance overlaps with the QD PL spectra, and therefore the
lifetime is shortened (τ95 = 4.3 ns, τ100 = 4.02 ns, τ105 = 5.1 ns),
respectively, with respect to τbulk = 6.2 ns) by radiative
processes, as is shown in Figure 6(a). In contrast, for the larger
cavities with a radius of 115 nm the cavity resonance is
detuned from the PL spectrum, and therefore the QD lifetime
is longer (τ115 = 8 ns) and approaches that of QDs on the glass
substrate (τglass = 17.25 ns). As can be seen, when the cavity is
off-resonance with the PL spectrum, it behaves somewhat
between the glass and the control sample. Comparing the
decay rates for QDs on the glass substrate with decay rates on
the bulk HMM control shows that the control lifetime is

shorter than the glass lifetime. However, bearing in mind our
spectral measurements presented in Figure 5, we understand
that this enhanced decay is nonradiative, thus emphasizing the
importance of the HMM cavities in enhancing the radiative
decay rate.
Figure 6(b) shows the decay rates of QDs on cavity arrays

with three different filling fractions: 5%, 15%, and 25%. The
5% filling fraction array has the fastest decay rate. As the filling
fraction increases, the decay rates reach that of the bulk HMM
control sample (τ5% = 4.4 ns, τ15% = 5.2 ns, τ25% = 5.6 ns).
Decay curves of other sizes and filling fractions of cavities,
alongside details regarding decay curve fitting, and correspond-
ing time constants are given in the Supporting Information.
Figure 7 compares the measured far-field emission enhance-

ment and lifetime shortening to FDTD-simulated values.
Figure 7(a) shows the experimentally measured enhanced
decay rates (TRPL, blue), alongside the FDTD calculated
decay rate enhancement (red) of HMM cavity arrays with a
constant filling fraction of 20% and a varying cavity radius.
These measurements were done in reflection (as described in
the Methods section). All results were normalized to the bare
glass sample, and they all show enhancement relative to bulk
HMM. We observed a clear variation of the normalized decay
rate as a function of cavity size with the maximal enhancement
observed for cavities with a radius of 100 nm. This is due to the
large spectral overlap between the quantum dots’ PL emission
spectrum and the cavity resonant mode. As the cavity radius
reaches 115 nm, the spectral overlap is reduced significantly,
and the decay rate becomes closer to the glass decay rate. The
decay rate of the control sample is also added in the figure. The

Figure 7. Measured (blue circles) and simulated (red dots) decay rates for a QD coupled to a cavity, normalized to the decay rate of the QD
on glass, for (a) cavities with 20% filling fraction and varying radius and (b) 105 nm cavity with different filling fractions. (c and d) Measured
(blue dotted) and simulated (shaded region) far-field emission enhancement (FPL) for cavities with different sizes (c) and cavities with a
different filling fractions (d), respectively.
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decay rate of the control sample is similar in value to a 110 nm
cavity radius and larger than the 115 nm cavity radius due to
the broadband Purcell factor. This is because the 115 nm
radius cavity has a sharp resonance that is spectrally detuned
from the QDs’ PL emission peak.
The experimentally measured (blue) and FDTD-calculated

emission rate enhancement (red) are in good agreement with
each other.
The simulated emission rate enhancement was calculated

using the phenomenological theory of quantum emitters
coupled to a single metal nanoantenna. This is justified due
to the relatively narrow resonance bandwidth of our HMM
cavities.63,64 Details regarding the emission rate enhancement
calculations using FDTD simulations are given in the
Supporting Information.65

Figure 7(b) shows the experimentally measured enhanced
decay rates (TRPL, blue), alongside the FDTD-calculated
decay rate enhancement (red) as a function of area fraction for
cavities with a constant radius of 105 nm. All results were
normalized to the bare glass sample. With the increase in filling
fraction, the decay rate decreases (and lifetime increases), and
at a filling fraction of 25% the emission rate goes down nearly
to that of the control sample, which is indicated as 100% filling
fraction in Figure 7(b). This behavior is also nicely predicted
by our FDTD simulation (red).
Figure 7(c) compares the measured far-field emission

enhancement (FPL(exp) = IPL(HMM)/IPL(glass)) to the
FDTD-calculated far-field emission enhancement (FPL(sim))
(shaded region) of HMM cavity arrays with a constant filling
fraction of 20% and a varying cavity radius. The far-field
emission enhancement (Figure 7(c)) shows a similar variation
trend of decay rate enhancement (Figure 7(a)), albeit with
different values, mostly due to the ohmic loss. This indicates
that the steady-state far-field emission enhancement is related
to the radiative rate enhancement by the HMM cavity.
However, based on the larger enhancement of steady-state PL
(compared with decay rate), we claim that a major
contribution to this enhancement is the HMM cavity acting
as an antenna, coupling dipole fields to radiation. The
experimental far-field emission is within the FDTD simulation
limit. The reason for the uncertainty in the simulation
(denoted by the shaded region) is the uncertainty in the
internal quantum efficiency “η” of the QDs. In our simulations
we have taken the values of “η” to be bounded between 0.2 and
0.5, which corresponds to the two limits defining the shaded
region of the FDTD simulations. The details of the FDTD
simulations are given in the Supporting Information. Figure
7(d) compares the far-field emission enhancement measured
from the HMM cavity array (FPL(exp) = IPL(HMM)/
IPL(glass)) to the one calculated by FDTD (shaded region)
for different filling fractions and assuming a constant cavity
radius of 105 nm.
As can be seen, the PL enhancement shows a nonmonotonic

variation as a function of the filling fraction. The PL emission
enhancement is large at filling fractions of both 5% and 10%,
even when compared to QDs on the bare glass substrate.
The reported variation of emission rates and PL intensities is

interpreted as follows: for a filling fraction of 5%, the observed
enhancement in PL is small (∼1.5). This can be explained by
the relatively low cavity Q-factor (∼4, see Figure 3 and
Supporting Information), providing low enhancement even
though the ohmic loss is also expected to be low due to the
small metal fraction. As the filling fraction increases to 10%, the

array becomes denser (i.e., higher ohmic loss is expected);
however the quality factor increases (∼25), which results in
great enhancement of both PL and radiation rate. By further
increasing the filling fractions beyond 15%, the ohmic loss
becomes dominant, and a slight increase in Q-factor beyond 25
cannot compensate for radiation absorption in the cavities. It is
thus very likely that the large metal portion results in
quenching, indicated by the radiative rates being faster and
approaching that of bulk HMM, along with the reduction in
PL. The FDTD simulation region (shaded region in Figure
7(d)) is in good agreement with the experimental results.
It is worth noting that the Q-factors are on the order of

∼20−25, which is reasonable for metallic lossy cavities, but still
very low compared to the dielectric cavities. A useful figure of
merit for light−matter interactions around nanocavities is Q/
Vm, which for our case, with the ultrasmall mode volumes of
these cavities (Vm ≈ 5 × 10−5 (λ0)

3), results in Q/Vm values of
ca. 5 × 105, which is a reasonable value for enhanced light−
matter interactions. Even though nonradiative metallic losses
are the major bottleneck in using metal-based plasmonic and
metamaterial structures for enhancing light emission, our work
shows promising applications of light−matter interactions in
ultrasmall mode volume hyperbolic nanocavities. It is worth
mentioning other approaches for loss mitigation, such as loss
compensation with gain medium66−68 and low-temperature
operation.69

In conclusion, our work on enhancing light−matter
interactions using ultrasmall mode volume nanocavities with
large (Q/Vm) values demonstrates applications of these cavities
from cavity quantum electrodynamics to nonlinear optics and
biosensors.

CONCLUSIONS
In this article, we report the design and fabrication of HMM
cavities, and we demonstrate their ability to enhance the far-
field emission of quantum emitters in the visible regime. We
show that the emission enhancement is a result of increasing
the LDOS for radiative processes (shown by lifetime
measurements) combined with supreme coupling to radiation
(shown by steady-state PL measurements), both achieved by
coupling the QDs to our HMM cavities. By this, we show that
for true emission enhancement an increase in LDOS (or
Purcell effect) alone is insufficient, as this may lead to
nonradiative decays, and that the far-field coupling is
invaluable for such applications. We demonstrate the abilities
of HMM cavities as a completely artificial and engineered
material and for multiple applications in fields of photonics and
quantum optics. Coupling to quantum dots in the visible
frequency and free-space radiative emission enhancement of
HMM cavities for future applications in the enhancement of
solid-state light-emitting devices were demonstrated. We also
showed the modulation of emission enhancement as
isofrequency topology of the HMM cavities. We believe this
work demonstrates using ultrasmall mode volume HMM
cavities for applications ranging from nanophotonic devices to
cavity-enhanced nanobiosensors.

METHODS
Sample Fabrication. All the samples were fabricated on top of

glass substrates.70 First, a 200 nm thick poly(methyl methacrylate)
(PMMA) 950 K e-beam resist from Microchem was spin-coated over
the substrate. To avoid charging, we have used a conducting water-
solvable layer (E-spacer) on top of the PMMA layer. Then, the
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sample was patterned using a Raith Eline electron beam system with a
20 kV acceleration voltage, ∼10 mm working distance, 10 μm
aperture size, and an optimized dose of 500 μC

cm2 for patterning an area

of 200 μm × 200 μm for each cavity array. The exposed PMMA was
developed for 60 s using a MIBK/IPA (1:3) solution. Six alternating
layers consisting of Al2O3 (24 nm, three layers) and Ag (16 nm, three
layers), followed by a 5 nm thick Al2O3 spacer layer on top, were
evaporated on top of the substrate using an e-beam evaporator at
deposition rates of 0.3 and 0.5 Å/s, respectively. Lift-off was used to
obtain the designed structure by treating the sample with acetone
using an ultrasonic bath for 5 min.
Transmission Measurement. Following the design and

fabrication of the HMM cavities, we have experimentally charac-
terized their optical response. Transmission measurements were done
by illuminating the sample with a white light source (tungsten-
halogen lamp) through a microscope condenser lens.71 The
transmitted light is collected by an objective lens (Nikon, 50×, NA
0.45) and directed into one of the following two spectrometers,
depending upon the wavelength of interest: Ocean Optics, Flame, for
the visible regime and Horiba, microHR, for the NIR regime.71 Both
spectrograph measurements were normalized to the transmission
through the system and combined to create an optical response of the
entire frequency range. The individual spectra from each spectrograph
and their normalization are shown in the Supporting Information.
PL Measurements. For both steady-state and TRPL measure-

ments CdSe/ZnS core−shell quantum dots with an average radius
around 6 nm purchased from MKnano (Canada) were used without
further purification. The average concentration is about 10 mg/mL of
QD colloidal solution in toluene. This QD solution in toluene is spin
coated on the HMM cavity array at 1500 rpm for 60 s to form a
uniform monolayer with excellent coverage area. The PL peak of the
QDs in solution is around 630 nm, which matches with the PL
spectrum of QDs spin-coated films on the glass substrate. Both
steady-state and time-resolved measurements were performed using
an inverted microscope in reflection mode. For the steady-state
measurements the sample is excited using a supercontinuum laser
(rep. rate 80 MHz) filtered to a spectral width of ∼4 nm around a
central wavelength of 514 nm. PL emission is separated by a dichroic
mirror and a long-pass filter, both with cutoff wavelengths of 550 nm.
In the case of time-resolved measurements, the same excitation and
collection setup was used except for the source repetition rate, which
was lowered to 20 MHz. The PL signal was coupled to a fiber that is
connected to either the spectrograph (in the case of steady-state
measurements) or to a single photon detector (SPAD, for time-
resolved measurement).
Numerical Simulations. FDTD simulations were performed

using commercial software (FDTD Solutions, Lumerical Inc.). All the
simulations were performed with a mesh size of 2 nm. For the far-field
radiation enhancement simulation, a dipole source was used with an
emission spectrum that matches the QD emission spectrum. By
varying the dipole position and polarization we have calculated the
average enhancement of decay rates for the given system. More details
about simulations are given in the Supporting Information.
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