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Optimization of Nanopatterned Multilayer Hyperbolic
Metamaterials for Spontaneous Light Emission
Enhancement
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devices,[4] as well as in light detection, such
as biosensing and surface-enhanced
Raman scattering,[5] and may also impact
DNA targeting in genome sequencing.[6]
Spontaneous emission is strongly modiﬁed
when light emitters interact with their local
electromagnetic environment, which alters
the relative contribution of different energy
releasing routes or decay channels. As
opposed to the case of cavities with high Qfactor,[7] light emission near metal surfaces
excites surface plasmon resonances with
strong electric ﬁeld enhancement, which
introduces a dominating decay channel
due to the high photonic density of states
(PDOS) in surface plasmons.[2–4] In order
to enhance decay rates, the emission
wavelengths must be aligned with plasmonic resonances which are determined
by the intrinsic material properties of a
metal. Therefore, such an approach only
works for a few narrow bands of frequencies due to the limited available plasmonic
materials existing in nature.
In contrast with conventional metallic materials, metamaterials offer new solutions to design material properties with
potential applications in super-resolution imaging, and tunable
multifunctional devices.[8] Hyperbolic metamaterials (HMMs)
with unbounded isofrequency surface support plasmonic modes
with high wavevectors, and have recently attracted signiﬁcant
attention for their extraordinary optical properties.[9–11] When
brought within the near ﬁeld of a HMM, light emitters decay to
the lower-energy level by releasing energy mainly through three
channels: radiative emission, HMM plasmonic modes, and
other non-radiative decay modes usually referred as lossy wave
components.[2,12] Plasmonic modes spreading over a wide range
of wavevectors in HMMs dominate over other channels.
Therefore, they provide a large PDOS in the wavelength range
where hyperbolic dispersions are achieved, yielding a concomitant strong enhancement in emission rates. More remarkably,
this enhancement is broadband and also tunable by simply
changing the ﬁlling ratio of the constituent materials.
Multilayer-based HMMs have been utilized to control light
emission process, however, only a moderate Purcell enhancement has been observed using uniform multilayer ﬁlms.[11–13] It
is not only due to difﬁculties in fabricating metal-dielectric
multilayers with deep subwavelength periods but also because

Light emission processes can be modified through the Purcell effect near a
metallic surface. Such effect relies on the matching between spontaneous
emission spectra and surface plasmon resonances, and the latter is typically
limited by the existing metal properties. Nanopatterned multilayer hyperbolic
metamaterials (HMMs) with engineerable material property are promising in
enhancing spontaneous emission rates at desired frequencies with improved
far-field radiative power. In this work, the authors study the optimization
process for spontaneous emission enhancement by using nanopatterned
HMMs. By theoretically investigating the Purcell effect on HMMs compared
with traditional metals, the authors choose better material combinations for
stronger Purcell enhancement. Different decay channels in the HMM are
analyzed against the emitter distance and their wavelengths. Systematic
optimization of achieving large emission intensity is demonstrated by
comparing performance of nanopatterned HMMs with different geometry
parameters. The promise in achieving light emission with both high decay
rates and brightness has various potential applications including lightemitting devices, single-molecule detection, and surface-enhanced Raman
scattering.

1. Introduction
The process of light emission from quantum sources and its
control through the Purcell effect has been widely explored in
recent years.[1–3] This phenomenon has a number of potential
applications in light generation, such as solid-state lighting
Dr. D. Lu, Prof. E. E. Fullerton, Prof. Z. Liu
Department of Electrical and Computer Engineering
University of California
San Diego, 9500 Gilman Drive, La Jolla, CA 92093-0407, USA
E-mail: zhaowei@ucsd.edu
Dr. L. Ferrari, Prof. Z. Liu
Materials Science and Engineering
University of California
San Diego, 9500 Gilman Drive, La Jolla, CA 92093-0418, USA
Dr. J. J. Kan, Prof. E. E. Fullerton, Prof. Z. Liu
Center for Memory and Recording Research
University of California
San Diego, 9500 Gilman Drive, La Jolla, CA 92093-0401, USA
The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/pssa.201800263.

DOI: 10.1002/pssa.201800263

Phys. Status Solidi A 2018, 1800263

1800263 (1 of 7)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

solidi

status

physica

www.advancedsciencenews.com

a

www.pss-a.com

the dominating HMM plasmonic modes in uniform multilayer
metamaterials are normally non-radiative. As a consequence,
radiative emission efﬁciency for light emitters on uniform
multilayers becomes diminished, which prevents the detection
of large Purcell enhancement in the far ﬁeld. The incorporation
of out-coupling nanostructures into HMMs provides an effective
platform to engineer PDOS and radiative emission simultaneously as have been demonstrated recently.[14–16]
In this work, we optimize nanopatterned multilayer HMMs
for enhancing light emission by theoretical modeling and
numerical simulation. Both strongly enhanced decay rates and
improved radiative emission into the far ﬁeld have been achieved
by better choice of material combination and optimized design
of multilayer and nanopattern geometry. Through the study of
Purcell effect on ﬂat pure metallic ﬁlms and uniform metaldielectric multilayer HMMs, we identify the choice of metallic
materials and the material combination and conﬁgurations in
the multilayers. Different decay channels that contribute to the
Purcell enhancement are also compared and analyzed. The
HMM plasmonic modes have a major contribution to the
emission decay and therefore should be fully utilized for efﬁcient
outcoupling. We provide the guideline for such plasmonic
substrate design by comparing intensity enhancement performance of nanopatterned HMMs with different grating periods.

2. Results and Discussion
To characterize the interaction between dipole light emitters and
plasmonic substrate, we use the theoretical framework[14] to
calculate such quantities as Purcell factor F, radiative enhancement
frad, and external quantum efﬁciency (EQE) enhancement fn for
dipole emitters on top of metal ﬁlms and multilayer HMM
substrates as shown in Figure 1. The study of nanopatterned
multilayer HMM is carried out by three-dimensional (3D) full-wave
electromagnetic simulations.[14] The ultimate emission intensity
enhancement is governed by both the radiative enhancement and
the absorption enhancement, f F ¼ f rad  jE=E0 j2N , where E and E0
are the electric ﬁeld at the excitation wavelength applied on the
dipole emitter near the substrate and in free space, respectively.
N ¼ 1 and 2 for single-photon excitation and two-photon excitation
processes, respectively. The absorption enhancement will be
obtained by separate calculations that evaluates electrical ﬁeld
enhancement when a plane wave is incident onto the plasmonic

substrates as compared with in free space at the excitation
wavelength.
Figure 2 shows the calculated Purcell factors and the
corresponding dispersion relations for conventional plasmonic
metallic materials, Ag, Al, and Au. The permittivity for Ag is
taken from ref. [17] while those for Al and Au from ref. [18]. The
surrounding medium is assumed to have e1 ¼ 2.25. In the
calculations of Purcell factor, the dipole emitter is surrounded by
a dielectric medium of the same permittivity e1 ¼ 2.25 and placed
d ¼ 10 nm above a 200 nm thick metal on a glass substrate.
Purcell factors for isotropic dipoles are obtained by averaging
over the results of dipoles parallel and perpendicular to the
surface.
For pure metallic substrates, the decay rate is enhanced when
the emission wavelength aligns with the surface plasmon
resonance. Corresponding high PDOS at these surface plasmon
resonances leads to strong Purcell effect. Owing to its superior
plasmonic property extended to higher wavevectors, Ag shows a
decay rate enhancement of two orders of magnitude at the
resonance λ ¼ 360 nm, which is much higher than other
commonly available plasmonic metals in the optical wavelength.
The plasmonic resonance frequency is determined by the
permittivities of both metal and the dielectric, which is limited by
the properties of existing materials. For dipole emissions at
wavelengths not aligned with the resonances, the Purcell
enhancement by these conventional plasmonic materials
diminishes.
As compared with the ﬁxed plasmonic resonances in metals,
multilayer-based metamaterials provide the solution for tunable
material properties not available in nature. Owing to the superior
performance, Ag is chosen as the metal component.
Figure 3a shows the Purcell factors calculated for isotropic
dipole emitters in a dielectric medium with e1 ¼ 2.25 at a
distance d ¼ 10 nm away from uniform Ag-Si HMMs. The
multilayer metamaterial consists of 10 layers of Ag and 11 layers
of Si with a period of 20 nm on a glass substrate. The permittivity
for Si is taken from ref. [19]. The ﬁlling ratio p of Ag varies from 1
to 0.4 with p ¼ 1 corresponding to a pure Ag ﬁlm.
By varying the constituent material ﬁlling ratio, Purcell
enhancement peak of Ag-Si HMMs can be tuned across the
visible spectrum with a broader bandwidth in contrast with a
ﬁxed one by pure Ag ﬁlm at λ ¼ 360 nm with a narrow bandwidth
of about 10 nm. The tunability in multilayer metamaterials
demonstrates engineered material properties and enables

Figure 1. Schematics of the light emitter-substrate interaction systems: light emitters embedded in a dielectric medium with a permittivity e1 locate in
the vicinity of (a) a metal film, (b) a uniform multilayer HMM, and (c) a nanopatterned multilayer HMM. All the structures are assumed to be on top of
glass substrates. The nanopatterned HMM has period a, nanoslit width w, and height H.
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for pure Ag whose surface plasmon resonance is far away from
the emission wavelength.
At the wavelength of peak Purcell enhancement, dipole
emissions on multilayer metamaterials are strongly modiﬁed
because the extraordinary hyperbolic dispersions in HMMs
creates additional high wave-vector modes, leading to increased
PDOS at the resonance wavelengths for the spontaneous
decay.[9,12] The inset of Figure 3a shows the normalized
dissipated power spectrum for a perpendicular dipole above a
HMM with p ¼ 0.6. It represents different decay channels,
showing the high wave-vector modes in the HMM at the
resonance wavelength λ ¼ 582 nm.
In the calculation for multilayers, the ﬁrst layer interacting
with the dipole emitter is set to be Si. Therefore, the peak
magnitude of the Purcell factor in HMMs is lower than that in
pure Ag, and further drops at smaller metallic ﬁlling ratio as the
effective distance between emitters and ﬁrst Ag layer is enlarged.
However, it can be increased to the level of pure Ag by shrinking
the thickness of the ﬁrst layer.
To further understand the Purcell effect in HMMs, we inspect
the Ag-Si HMM with a Ag ﬁlling ratio of 0.6 in Figure 3b–d.
Figure 3b shows analytical calculations of Purcell factor for
Figure 2. a) Dispersion relations for electromagnetic waves at the interfaces
dipoles perpendicular and parallel to the multilayer surface
between metals, Ag (black), Al (red), and Au (blue), and a dielectric medium
whose average gives the result for isotropic dipoles. Perpendicwith permittivity e1 ¼ 2.25. b) Purcell factor calculated for isotropic dipole
ular dipoles have stronger Purcell enhancement than parallel
emitters located a distance of d ¼ 10 nm above a 200 nm thick metal of Ag
dipoles due to the constructive interference of electric ﬁeld in the
(black), Al (red), and Au (blue) on a glass substrate with a permittivity of 2.25.
The magnitude of Purcell factor for Al is multiplied by 3 for better comparison.
near ﬁeld of the substrate.[3] On average, a decay-rate
enhancement of close to 120-fold is achievable for isotropic
optimized alignment of Purcell effect with different emission
dipoles at the wavelength λ ¼ 582 nm. Such a high Purcell
spectra from molecules or semiconductors. For instance, the
enhancement
consists of mainly three contributions including
decay rate around the wavelength of 580 nm will be enhanced by
radiative
emission,
HMM plasmonic modes, and lossy waves.
close to 120-fold for the HMMs with p ¼ 0.6 but less than ﬁvefold
The latter two components are non-radiative in uniform HMMs
whereas radiative emission can be collected
within a corresponding observation angle in
the far ﬁeld. Figure 3c depicts the radiative
enhancement which reaches maximum
almost at the same wavelength as the Purcell
factor for isotropic dipoles. However, the
EQE enhancement becomes accordingly a
minimum as shown in Figure 3d since
radiative enhancement is still a small
portion of the Purcell factor. This may
prevent the observation of strong Purcell
effect in the far ﬁeld and limit practical
applications of such Purcell enhancement.
All these analytical results are also well
reproduced by those from full-wave simulations as shown in Figure 3 in open circles,
which conﬁrms the validity of numerical
simulations.
Figure 3. a) Purcell factor for isotropic dipole emitters located at a distance d ¼ 10 nm away from
To better engineer the radiative emission,
the top surface of uniform Ag-Si HMMs. The multilayers consist of 10 layers of Ag and 11 layers of
a detailed analysis of the contribution from
Si with a period of 20 nm on a glass substrate with a permittivity of 2.25. The filling ratio of Ag different decay channels will be helpful as
varies from 1 to 0.4 as indicated by different colors. The inset shows the normalized dissipated
shown in Figure 4. The distribution of
power spectrum with the intensity on a logarithmic scale for a dipole perpendicular to the HMM
different decay channels depends on both
with a Ag filling ratio of 0.6. The black dot corresponds to the inverse grating period of 200 nm. b)
the emission wavelength and the emitterPurcell factor, (c) radiative enhancement, and (d) EQE enhancement for dipoles of the isotropic
orientation (iso, black lines), perpendicular (?, red lines), and parallel (||, blue lines) to the metamaterial distance. Figure 4a–c show the
spectra of radiative emission, HMM plasuniform HMM surface in the case of a Ag filling ratio of 0.6. The results of corresponding 3D fullmonic modes and lossy-wave components
wave simulations in open circles agree with the theoretical calculations.
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Figure 4. a) Radiative emission, (b) HMM plasmonic modes, and (c) lossy-wave component spectra plotted with the intensity on a logarithmic scale for
dipole emitters of isotropic orientation located at a distance of d varying from 10 to 100 nm away from the top surface of uniform Ag-Si HMM. The
multilayers consist of 10 layers of Ag and 11 layers of Si with a period of 20 nm on a glass substrate with a permittivity of 2.25. The filling ratio of Ag is 0.6.
d) Three channels of decay rate enhancement as a function of the emitter-metamaterial distance d at the wavelength λ ¼ 582 nm based on (a–c). The
inset shows the same quantities at λ ¼ 700 nm. e) Three channels of decay rate enhancement as a function of the emission wavelength at a fixed distance
d ¼ 10 nm.

as the emitter-metamaterial distance increases from 10 to
100 nm. The radiative emission is obtained by the integration of
normalized dissipated power over the wave-vector range of
pﬃﬃﬃﬃ
0 < kx < e1 k0 . The contribution of the HMM plasmonic
modes is calculated by integrating normalized dissipated power
near the plasmonic resonances, whereas the rest of power
dissipation at high wavevector will be due to lossy waves.[2] The
results indicate that radiative emission from emitters close to the
uniform HMM contributes a small portion of the Purcell effect
and barely depends on the distance and the wavelength
(Figure 4d,e). Most of the dissipated power goes to HMM
plasmonic modes and lossy-wave component, which are nonradiative in uniform HMM. Since lossy-wave component
corresponds to very high wave-vector modes which are
inefﬁciently coupled out and ultimately lost as heat, HMM
plasmonic modes represent the portion that will potentially
contribute to far-ﬁeld emission. Such plasmonic enhancement is
exponentially decaying away, mostly conﬁned in space within the
short distance of 10–30 nm from the HMM surface (Figure 4b,d),
and is concentrated close to the resonance wavelength λ ¼ 582
nm (Figure 4b,e). In order to extract this contribution into the far
ﬁeld for enhanced radiative emission, an out-coupling mechanism is needed to compensate for the wave-vector mismatch
between HMM plasmonic modes and propagating modes in free
space.
In order to effectively turn the plasmonic component of
Purcell enhancement into radiative enhancement, we
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implement a one-dimensional grating nanostructure in the
HMM and illustrate the optimization process by sweeping the
grating period in Figure 5. Based on the 3D full-wave
simulations, spatial distributions of Purcell factor, radiative
enhancement and emission intensity enhancement are mapped
out at the emission wavelength 582 nm. The sweeping step
length is 10 nm, and the dipole is kept at least 10 nm away from
the surface of the HMM. The integration angle for radiative
power limits the collected wavevectors within the cutoff
wavevector kcf ¼ 0:75k0. Purcell factor maintains its maximum
at a distance of 10 nm away from the HMM surface for different
periods, with a slightly smaller enhancement when the grating
period is 80 nm (Figure 5a,d), whereas the radiative enhancement transits from resonances with one node to those with two
nodes until off resonance as the period increases. A largest
enhancement of radiative emission was found at a grating period
200 nm. The inverse grating period corresponds to the black dot
in the inset of Figure 3a, which matches the plasmonic
resonance wavevectors for most efﬁcient out-coupling. The nonradiative plasmonic modes in the nanopatterned HMM will then
propagate to the far ﬁeld. The averaged radiative enhancement
over all the spatial locations assuming a uniform emitter
distribution also indicates a maximum of over sixfold enhancement at a period 200 nm as the red line shown in Figure 5d. The
ultimate emission intensity enhancement directly measurable in
a photoluminescence system will be also determined by the
absorption enhancement as predicted in Figure 5c. In this

1800263 (4 of 7)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

solidi

status

physica

www.advancedsciencenews.com

a

www.pss-a.com

Figure 5. Spatial distribution of (a) Purcell factor, (b) radiative enhancement, and (c) emission intensity enhancement for a single dipole emitter of
isotropic orientation above nanopatterned Ag-Si HMMs with different grating periods at the emission wavelength λ ¼ 582 nm. The periods are i) 80 nm,
ii) 100 nm, iii) 200 nm, iv) 300 nm, and v) 600 nm, respectively, with a fixed duty cycle 0.8. The multilayers consist of 10 layers of Ag and 11 layers of Si with
a period of 20 nm on a glass substrate with a permittivity of 2.25. The filling ratio of Ag is 0.6. The spatial mapping step size is 10 nm. Plots for iv) and v)
are not on the same scale as the rest. Magnitude for the emission intensity enhancement (c) is on a logarithmic scale. The two-photon excitation
wavelength is 730 nm. d) Purcell factor (black) and radiative enhancement (red) as a function of the grating period. Purcell factor is for the emitter at the
middle location of HMM. Radiative enhancement is averaged among all the spatial locations. e) Emission intensity enhancement as a function of the
grating period averaged among all the spatial locations.

speciﬁc example, a two-photon excitation process was chosen at a
wavelength of 730 nm. The local emission intensity at a speciﬁc
spatial position can be enhanced >1000-fold when the grating
period is 200 nm although the averaged emission intensity
enhancement among all dipole locations is about 120-fold
(Figure 5e). The dependence of average emission intensity
enhancement on the grating period shows similar trend as the
average radiative enhancement in this case. A different excitation
process or excitation wavelength may end up a different trend in
the emission intensity enhancement. Therefore, optimization of
the emission intensity enhancement needs a systematic design
that takes both excitation and emission processes into account.
Based on the optimized nanopatterned Ag-Si HMMs with a
trench period a ¼ 200 nm and width w ¼ 40 nm, Figure 6 further
show the spectral dependence of Purcell factor and radiative
enhancement. At dipole locations of 1 and 2 (Figure 6a), Purcell
factor as a function of the emission wavelengths in
Figure 6c conﬁrms the spectral similarity between uniform
and nanopatterned HMM. In addition, the Purcell enhancement
close to the sidewall of the nanoslit at location three shifts to
longer wavelengths because of the anisotropic material property
of multilayer-based metamaterials and coupling between HMM
nanoridges. On the other hand, radiative emission is
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signiﬁcantly enhanced in nanopatterned HMMs thanks to the
out-coupling effect of the grating as shown in Figure 6a,d. It has
more improvement closer to the surface of the HMM where
higher PDOS is available for out-coupling. Compared with light
emitters in free space, radiative emission on nanopatterned
HMM at locations 10 and 20 gets enhanced by over sixfold around
the peak Purcell enhancement at 582 nm, which is 100%
improvement over uniform HMM. The radiative emission
enhancement also leads to the same increase in the EQE.
Compared with 10 and 20 , radiative enhancement at 30 is low
around the wavelength 582 nm but shifts to longer wavelength. It
is noted that the misalignment between peak Purcell and
radiative enhancement is larger at 30 than 10 and 20 , indicating
emitter locations on top of the HMM is preferred for achieving
both decay rate and radiative emission enhancement. The
mechanism of such improvement can be further understood by
comparing the angular distribution of radiative enhancement on
different substrates as given in Figure 6b. Light emission on the
nanopatterned HMM has a stronger radiative intensity and
better directionality into the observation angle than on the
uniform HMM by outcoupling the HMM plasmonic modes. The
radiative enhancement on the nanopatterned HMM is a
combined effect of both plasmonic outcoupling and the
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brightness of emitters on the HMM substrates
is not only determined by the radiative enhancement but also absorption enhancement if an
optical excitation is used. Hence, design procedures combining enhanced electrical ﬁeld intensity at the absorption wavelength and enhanced
radiation at the emission wavelength are needed.
Besides, the averaged emission intensity also
strongly depends on the spatial distribution of
light emitters and their orientations.

3. Conclusion
In conclusion, we studied the optimization of
nanopatterned HMM substrates for Purcell
enhancement of spontaneous light emission.
Figure 6. a) Spatial distribution of Purcell factor (up) and radiative enhancement (down) for a The design principle lies on the smart choice
of material combination and optimized design
single dipole emitter of isotropic orientation swept across different positions above
nanopatterned Ag-Si HMMs at the wavelength λ ¼ 582 nm. The multilayers consist of 10 of multilayer and nanopattern geometry.
layers of Ag and 11 layers of Si with a period of 20 nm on a glass substrate with a permittivity of Through detailed analysis of different decay
2.25. The filling ratio of Ag is 0.6. The nanoslits have a period 200 nm and a width 40 nm. b)
channels, HMM plasmonic modes were
Angular distribution of radiative enhancement in the x-z plane for a single dipole emitter identiﬁed as a major component to be
oriented along x axis above uniform and nanopatterned Ag-Si HMMs at the locations indicated
efﬁciently outcoupled to the far ﬁeld. The
in (a). The emission wavelength for the uniform HMM and locations 20 is chosen at λ ¼ 582 nm. effective outcoupling structure design was
The emission wavelength λ ¼ 594 nm for location 10 . The green region indicates the collection
illustrated by comparing Purcell factor and
angles. c) Purcell factor and (d) radiative enhancement as a function of the emission
emission intensity enhancement of nanowavelength at the uniform HMM and locations indicated in (a).
patterned HMMs with different grating periods. Light emission with both enhanced decay
collection efﬁciency. Designs that optimize the geometry of the
rates and high brightness can be obtained following the design
grating should provide a promising solution for light emission
principle, paving the way for an easy and versatile control of
with both enhanced decay rates and strong radiative emission.
spontaneous emission in quantum emitters.
In the calculations, the distance between dipole emitters and
substrates is kept larger than 10 nm. In the regime of smaller
distances, the classical theoretical model may overestimate the
dipole-substrate interaction, and a nonlocal or quantum
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