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Photoluminescence control by hyperbolic
metamaterials and metasurfaces: a review
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Photoluminescence including fluorescence plays a great role in a wide variety of applications from biomedical sensing
and imaging to optoelectronics. Therefore, the enhancement and control of photoluminescence has immense impact on
both fundamental scientific research and aforementioned applications. Among various nanophotonic schemes and nano-
structures to enhance the photoluminescence, we focus on a certain type of nanostructures, hyperbolic metamaterials
(HMMs). HMMs are highly anisotropic metamaterials, which produce intense localized electric fields. Therefore, HMMs
naturally boost photoluminescence from dye molecules, quantum dots, nitrogen-vacancy centers in diamonds, per-
ovskites and transition metal dichalcogenides. We provide an overview of various configurations of HMMs, including met-
al-dielectric multilayers, trenches, metallic nanowires, and cavity structures fabricated with the use of noble metals, trans-
parent conductive oxides, and refractory metals as plasmonic elements. We also discuss lasing action realized with
HMMs.
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Introduction optoelectronic emitting devices it is desirable to enhance

Photoluminescence (PL), emission of light from materi- their PL emission to improve efficiency of light sources,

als, have been widely used for numerous applications such as LEDs, lasers, and single-photon sources, since PL

ranging from imaging of biological specimen to lasers.
Light emitters can take various forms in different materi-
al, e.g., fluorescent molecules, quantum dots (QDs), or
nitrogen-vacancy centers in diamond! (NVC). The ap-
plications include single molecular detection?, bio-
sensing®~’” and imaging®', where a fluorophore as a la-
bel is attached to analyte molecules in order to image
them or detect their concentration linked with the in-
tensity of emitted fluorescence signals. Detection
schemes with fluorescence markers attached to analytes
are routinely used in clinical diagnosis. Moreover, for

is the essential part of their emitting schemes'"'2. This is
the main motivation behind many of the recent develop-
ments in engineering spontaneous emission using nano-
scale structures. Up to present, there have been numer-
ous studies to boost PL by plasmonic, e.g. metal, nano-
structures’. For instance, a silver thin film on a glass sub-
strate supports highly localized electric field by mean of a
surface plasmon polariton, which strengthens the fluor-
escence signals of the fluorophores by more than 300%%.
Plasmonic nanoantennas tightly focus light within
the structure, and thus are routinely used for the
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enhancement of fluorescent signals®'“!°. Interested read-
ers may find review articles on plasmonic nanostruc-
tures including plasmonic nanoparticles and gratings for
fluorescence enhancement elsewhere!®'. Another cur-
rent tendency is to localize fields by Mie-resonances in
high-index dielectric nanostructures, such as multilayer
stacks'®2, 1D gratings®'*¥, 2D photonic crystal struc-
tures®, as well as, metasurfaces made of dielectric
particles®31.

In this review, we focus on the enhancement of PL by
a class of metamaterials, named hyperbolic metamateri-
als (HMM:s), which are also referred to as an indefinite
media, and hyperbolic metasurfaces (HMSs)**~*2. Hyper-
bolic materials are known for the extreme anisotropy
and unique dispersion bands in the wavevector space (k-
space) generated by the principal permittivity tensor
components being of opposite signs. These bands take
the shape of a hyperboloid as opposed to spherical or el-
lipsoid shapes of dispersion contours of dielectric mater-
ials. HMMs feature highly localized bulk waves that
propagate within the structures which can be used, for
example, for sensing®~*, sub-diffraction imaging*, and
directional emission of light by quantum emitters**,
The underlying features used for the control of PL by
HMMs are large accepted wavevectors (high-k case),
highly localized fields and large optical density of states,
leading to enhanced light-matter interactions (increase
in the Purcell factor) and control of emission
directivity**°. High-k modes wavevectors values of
HMM can reach infinity for semi-infinitely thick HMMs
although in reality the numbers are limited by finite
thickness of HMM slabs’! and inapplicability of effective
media approximation to HMMs*2%. Apart from high-k
modes supported by HMMs, they offer the following
three unique features indispensable for PL enhancement
and control:

A. Broadband hyperbolic region.

B. Tunability of hyperbolic region.

C. Directionality by highly anisotropic nature of
HMM.

Regarding (A) point above, the hyperbolic region is
extremely broad and extends from certain cut-off
wavelength and beyond, starting from visible
wavelengths to near-infrared™ or even to mid-infrared
wavelengths®, which contrasts with dielectric structures
with Mie resonances and plasmonic nanostructures
whose resonance is usually confined to certain band of
wavelengths. This is the unique feature and clear advant-
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age of HMM s in order to enhance whole emission band-
width of emitters. The cut-off wavelength of HMM as is
stated in the listed advantage (B) can be tailored for de-
sired wavelength regions by the design of HMMs, such as
choice of materials, more specifically the permittivity of
metal and dielectric elements and their volume fraction.
Regarding the feature (C), the directionality of emission
on HMM can also be exploited to create directional
emitter in-plane*** and out of plane of HMM surfaces®°.
These (A) to (C) features are combined to make HMMs
an attractive platform for enhancement and control of
PL.

Apart from the underlined unique nature of HMMs,
we discuss the control of PL in terms of (1) intensity en-
hancement, (2) lifetime reduction, (3) spectral region, (4)
directivity, and (5) lasing. Different configurations of
HMM:s have been studied for the enhancement of photo-
luminescence from fluorescence dyes, quantum dots,
perovskites and nitrogen-vacancy centers in diamond. In
order to describe these features, this review is organized
as in the following. We start with introduction of hyper-
bolic metamaterials and describe their dispersion in
wavevector space, which can be categorized as type I and
IT hyperbolic regions or HMMs. We also overview each
type of HMM structures, such as metal-dielectric mul-
tilayers, trenches which is the vertical version of metal-
dielectric multilayers, and nanowires. These are the ba-
sic building blocks of HMMs. Out-coupling of enhanced
PL emission from metal-dielectric multilayer type HMM
is difficult since emitted light is trapped within HMM.
Therefore, often, grating out-couplers are integrated in-
to HMM structures and we cover various types of grat-
ing out-couplers built on HMMs. As a special case of
HMMs, we show PL enhancement by epsilon-near-zero
(ENZ) materials. Finally, we discuss the active HMMs
with gain media to compensate the absorptive loss of the
structures. Throughout the article, we confine ourselves
to the light wavelengths ranging from UV to near-in-
frared, A = 290 - 1000 nm.

Hyperbolic metamaterials

In the case of uniaxial anisotropic medium, a relative
permittivity tensor [¢] is expressed by

e 0 0
[e] = ( 0 ¢ O ), (1)
0 0 ¢

where &, = &, = €,, and ¢, = &, & and ¢ are ordinary and
extraordinary permittivities, respectively. When ¢, = ¢, >
0, the medium is an isotropic dielectric, while when
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& = € < 0 - it is an isotropic plasmonic material, for ex-
ample metal. A HMM or hyperbolic material is a medi-
um when the permittivity components along the prin-
ciple axes have opposite signs, namely ¢.¢. < 0, and the
iso-frequency surface of extraordinary waves given by
equation
(k+k2) /e, + k' Je. = 0/, (2)

becomes a hyperboloid, where ki, k), k; are the
wavevector components,  is the angular frequency and
c is the speed of light in vacuum. There are two types of
hyperboloid as shown in Fig. 1, which are convention-
ally classified as: 1) type | HMM: ¢, > 0 and €. < 0, and 2)
type Il HMM: ¢, < 0 and & > 0.

In the case of type I HMM, the dispersion band forms
a two-fold hyperboloid in the wavevector space (k-
space)®, as illustrated in Fig 1. Typically, a type I HMM
can be realized by a metallic nanowire structure*,
while type II HMM - by a metal-dielectric multilayer
stack with deeply subwavelength layers****>°. Note that in
the case of most of naturally occurring materials, both
ordinary (e,) and extraordinary (ee) permittivity com-
ponents are of the same sign, resulting in either spheric-
al (eo = &, isotropic materials) or elliptical iso-frequency
surfaces when ¢, # .. However, there are some natural
materials that exhibit hyperbolic dispersion for certain
wavelength ranges3¢.

Materials with hyperbolic iso-frequency contours sup-

H Typel: & >0, &<

Emission

No wavevector

port propagation of lightwaves with large wavevectors
(high-k waves) and correspondingly short effective
wavelengths. However, for certain directions in the k-
space, there are no any wavevectors available, and, there-
fore, propagation of light in such direction is prohibited.
The high-k lightwaves within HMMs are called bulk
plasmon polaritons, BPPs (sometimes also called as
volume plasmon-polaritons), as well as hyperbolic sur-
face waves (sometimes referred to as Dyakonov plas-
mons) that are supported on the top surface of
HMMs*48¢ BPPs propagate and are tightly confined
within HMM structures®>7¢!, Such high-k waves in met-
al-dielectric multilayer systems are known to originate
from the hybridization of short-ranged surface plasmon
polaritons supported in each of the dielectric-metal-
dielectric set®"®2. Usually, BPPs exhibit highly localized
intense electric fields, which together with a non-reson-
ant (broadband) spectral range of their existence, makes
them rather convenient tools for the enhancement of PL.
A single emitter as a source of PL can be considered as a
point dipole that emits light in the form of both
propagating (far-field) and evanescent (near-field)
waves. In free space, emitted light transfers into far-field
propagating waves, and the emitter relaxes by losing en-
ergy. However, in the vicinity of a HMM, the near-field
components of emitted light are more efficiently coupled

to the evanescent (near-field) components of BPPs with

u Type ll:¢,<0, £,> 0
OA

£ -
° e, No wave Emission
y propagation
E0
S
/D
Emission

——— ..
Y g wavevector

Fig. 1 | Schematic illustration of hyperbolic metamaterials and metasurfaces. (a) Type | hyperbolic metamaterials (¢, > 0 and & < 0) in

metallic nanorod or nanowire configuration and their representative dispersion in the wavevector space (k-space). (b) Type Il hyperbolic metama-

terials (¢, < 0 and & > 0) in metal-dielectric multilayer configuration and their dispersion in the wavevector space.
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wavenumbers higher than those of the far-field
propagating waves, creating a new decay mechanism for
the emitter, since the emitted energy is directly sucked by
the BPP modes. This results in the reduced lifetime of
emitters in comparison with the free space situation. A
typically large number of BPP modes supported by
HMM:s produces an increased photonic density of states
(PDOS), leading to a broadband enhancement of the
spontaneous emission, referred to as Purcell’s
effect*°00364 In order to characterize the PL enhance-
ment, either the PL intensity or the emission life time (or
both) measurement as opposed to the reference emitter
samples on a glass substrate or on metal films are typic-

ally employed.

Metal-dielectric multilayers

Metal-dielectric multilayer HMMs have been studied
and realized extensively due to the relative ease of fabric-
ation. Their layer thicknesses should be sufficiently smal-
ler than the wavelength of light that they can be charac-
terized by effective parameters, i.e. effective permittivity
tensor. By design of a metamaterial (i.e. choosing mater-
ials, thicknesses of each layer, filling fraction), the effect-
ive dielectric functions or permittivities can be tuned to
hyperbolic iso-frequency surface in the wavelength re-
gion of interest (see Fig. 1). So, to characterize the optic-
al properties of a HMM, the first step is to find its effect-
ive permittivities, and the simplest approach is based on
the effective medium approximation (EMA)3*$6>,_ In the
case of metal-dielectric multilayers, the effective ordinary
and extraordinary permittivities, ¢,, & are expressed by

Sozfm'£m+,ﬁi'8d7 (3)
g = (&m - €a)/(fa- &m + fun - €), (4)

where em, €4, fm, and fq are the permittivities of the metal
and dielectric, and filling factors of metal, and dielectric
layers in the multilayer structure, respectively. The light
emitters placed into the near-field of optical modes sup-
ported by HMMs release their energy predominantly via
radiative emission and excitation of plasmonic modes
and other non-radiative channels, where usually plas-
monic modes dominate as the decay channel.

The first experimental evidence of fluorescence en-
hancement was demonstrated on a multilayer HMM that
consist of 16 stacked layers of gold (Au, 19 nm) and alu-
mina (Al,O3, 19 nm) with a 21-nm thick epoxy with dis-
persed rhodamine 800 (Rh800)%’, where 1.8-fold reduc-
tion of the lifetime was reported. The control of spontan-

eous emission with multilayer HMMSs with alternating
metal and dielectric layers was described in ref.%. Several
different samples were fabricated for the sake of compar-
ison, such as Ag(25 nm, 11 layers)/PMMA(30 nm, 10
layers), Ag(30 nm, 5 layers)/LiF(40 nm, 4 layers), Ag(30
nm)/LiF(40 nm) with 8 periods, Ag(20 nm)/MgF,(30
nm) with 8 periods. Two types of dyes were exploited for
PL study: IR-140 dye, whose emission peak lies at A = 850
nm, as well as thodamine G6 (R6G). Compared with the
reference glass substrate, shortening of the luminescence
life-times was observed for all samples. For the Ag/MgF,,
the best result was 1.4-times shortening, for Ag/LiF - 1.5-
times, and for Ag/PMMA - 5.7-times.

Apart from Ag layers, Au has been extensively used as
the constituent of multilayer HMM structures. HMMs
that consist of 16 stacked layers of gold (Au) and alu-
mina (Al;O3) on a glass substrate with a 21-nm dye thin
film of epoxy mixed with rhodamine 800 (Rh800) at a
100 uM concentration spin coated on top of the spacer
layer were realized for fluorescence enhancement®. For
comparison purposes, two control samples with single
thick (300 nm) and thin (20 nm) gold layers were also
fabricated. In addition, a reference dye thin film was pre-
pared on a bare glass substrate. The dye concentration in
the thin film affects the dye parameters. At high concen-
trations, above 100 M, the fluorescence lifetime in dye-
epoxy solution is rapidly reduced due to quenching pro-
cesses, while at low concentrations the fluorescence life-
time is independent of concentration. In thin films of
rhodamine 800 embedded in an epoxy matrix, the
quantum yield of the dye gradually increases with de-
creasing concentration. In the experiments, a 100 uM
concentration was chosen to avoid concentration
quenching and to obtain better performance with a high-
er quantum yield. The PL signal for the 89-nm spacer
layer is about 9.3 times stronger for both the HMM and
the thick gold substrates (compared with the bare glass
substrate), while the thin gold film provides about 6.4
times enhancement.

Enhancement of photoluminescence from colloidal
core-shell QDs of cadmium selenide and zinc sulfide
(CdSe/ZnS) in proximity with a multilayer HMM was
demonstrated**. Quantum dots were placed on top of the
structure, consisting of alternating layers of silver (Ag, 9
nm thick) and titanium dioxide (TiO;, 22 nm) as shown
in Fig. 2. Time-resolved PL measurements were carried
out on the metamaterial sample, the control sample, and
the glass substrate (Fig.2(c,d)) at the anticipated
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Fig. 2 | Photoluminescence enhancement by metal-dielectric multilayer HMMs. (a) Schematic illustration of Ag-TiO2 multilayer HMM struc-

tures. (b) The real part of effective ordinary and extraordinary permittivities. (c) Time-resolved photoluminescence from QDs deposited on the

HMM, control sample, and glass substrate at 605, 621, and 635 nm. (d) Lifetime of the QDs as a function of wavelength on the HMM, control

sample, and glass substrate. Figure reproduced with permission from ref.>*. American Association for the Advancement of Science (AAAS).

transition wavelength (elliptic-to-hyperbolic regime, at
621 nm) and on both sides from it (605 and 635 nm).
When compared with the control sample, the metama-
terial enhanced the spontaneous emission rate by a factor
of 3 at the transition wavelength and by a factor of 4.3
deeper in the hyperbolic regime (635 nm). The overall
reduction in the lifetime of the QDs when compared
with those on a glass substrate is 11 ns. The lifetime of
the QDs increases as a function of wavelength on both
the glass substrate and the control sample [Fig. 2(d)].
This is due to the size distribution of QDs and the de-
pendence of the oscillator strength on energy. The
metamaterial sample exhibits a decrease in the lifetime as
a function of wavelength in the hyperbolic regime, while
such variation is very small in the elliptical spectral re-

gion. The lifetimes of QDs on both structures with 1 and

10 bilayers are almost the same in the elliptical spectral
region, but significantly differ above the critical
wavelength. The large change in the spontaneous emis-
sion lifetime of the QDs on the metamaterial compared
with the glass substrate and 1 bilayer case is explained by
excitation of the high-k BPPs in the metamaterial, as well
as by the nonradiative contribution of the surface plas-
mon polariton (SPP) modes at the metamaterial
interface.

Directional PL enhancement of dyes on multilayer
HMMs was studied for the sample consisting of 20 al-
ternating layers (10 periods) of Au (15 nm thick) and
Al,O3 (28 nm thick)”. A dye-dissolved PMMA layer was
deposited on top of the HMM, separated by an Al,Os3
spacer layer of thickness 12 nm from the HMM interface.
Coumarin 500 was selected as the organic dye that emit
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light at wavelength 480 nm. The structure showed a 2-
fold enhancement of spontaneous emission during time-
resolved photoluminescence measurements. A similar
experiment was conducted on Au-AlL,Os; multilayer
HMMs with 19 nm thick metal and dielectric layers,
where 3 times reduction in emission lifetime of nitrogen
vacancy centers (NVCs) in nanodiamonds was demon-
strated”!. The enhancement of single -photon emission
from NVCs in nanodiamonds was also observed for a
planar multilayer metamaterial that consisted of CMOS-
compatible ceramics: titanium nitride (TiN) and alumin-
um scandium nitride (Al,Sci.,N)72. Such structure im-
proved the emission properties of a single NVC nanodia-
mond placed on top. Lifetime reduction was from 17 ns
on a reference sample to 4.3 ns on the HMM on average.
The Purcell factor corresponded to the value 4.
Moreover, it was found that the collected emission power
for NVCs near the HMM was increased by a factor of 1.8
on average, although a quite remarkable enhancement of
4.7 was detected in one particular case. A TiN-based
multilayer HMM with 10 alternating layers (5 periods) of
TiN and SiO, deposited on a glass substrate was used for
the enhancement of QD emission”. A 20 nm thick Si
QDs layer was deposited on the top of the HMM and up
to 1.6-times enhanced emission decay rate was observed
in respect with identical QDs deposited on silica glass.
Up to the 4.4-fold fluorescence enhancement from the
nanocomposites made of CdTe QDs monolayers placed
between layers of gold nanoparticles was demonstrated’.
Later on, it was theoretically demonstrated that such
structures represents itself a hyperbolic metamaterial and
thus is able of increasing the radiative decay rate of emis-
sion centers placed inside the structures”. Depending on
the geometric parameters, such as thickness of the spacer
layer, the number of quantum dots and nanoparticle lay-
ers, effective permittivity tensor of the entire nanocom-
posite may become indefinite or hyperbolic. This fact
leads to the rise in the photonic density of states, in turn
resulting in strong enhancement and pronounced polar-
ization anisotropy of QDs luminescence. Enhancement
of UV emission from semiconductor nanoparticles’ and
multiple quantum wells (MQWs)””7® deposited on
HMMs was also demonstrated.

Upper-excited state emission from molecules is not
usually observed owing to strong competition with much
faster nonradiative relaxation pathways. However, the
radiative decay rate can be increased by modifying the
PDOS. Zinc tetraphenylporphyrin (ZnTPP) molecules as

emitters embedded in a HMM were shown to enable a
18-fold increase in fluorescence intensity from the
second singlet excited state relative to that from the low-
est singlet excited state”. Varying the number of periods
of the HMM stack enables systematical tuning of the
ZnTPP fluorescence spectrum from red (dominated by
emission from lowest singlet excited state) to blue (dom-
inated by emission from the second singlet excited state).

Spin-coated organic thin films based on the quinoidal
oligothiophene derivative (QQT(CN)4) were demon-
strated to exhibit hyperbolic dispersion over a wide spec-
tral range from 670 to 920 nm®. To study the influence
of QQT(CN)4 dispersion on the Styryl 9M light-emit-
blend films
polyvinylpyrrolidone (PVP) host doped with dye mo-

ting dye molecules, containing a
lecules were deposited on top of three different sub-
strates: (1) fused silica (FS), (2) 80 nm thick dielectric-
metal HMMs containing 4 Ag/Al,O3 pairsand (3) or-
ganic monolithic natural hyperbolic materials based on a
60 nm thick QQT(CN)4 film. To gain further insights,
polyvinyl alcohol (PVA) layers (spin-coated from water)
with thicknesses of 25 and 100 nm were also inserted
between the three types of substrates and the PVP
blends. The photoluminescence exhibited slower dynam-
ics at longer wavelengths. The fluorescence decays were
described by the sum of two exponential functions. The
presence of the two fluorescence lifetimes were attrib-
uted to the presence of Styryl 9M monomers and higher
aggregates in the PVP blends. The Purcell factor was
measured to be around 1.3 and 1.4 on top of the
QQT(CN)4 and HMM substrates correspondingly.

It is well-known that the effective medium theory ap-
plied for characterization of dielectric multilayer system
and HMMs can experience a breakdown, depending on
the thickness of each layer, number of periods, etc.>*..
Recently the optimum number of periods of a multilayer
HMM for the enhancement of PL from a quantum emit-
ter was theoretically analyzed®?. In practical system, the
number of periods is finite and it is essential to design a
multilayer HMM with the optimum number of periods
to enhance PL by achieving the highest PDOS. In this
work, HMM:s consisting of 3, 5, and 8 periods of Au (15
nm)/SiO; (25 nm) pairs with a quantum emitter, placed
inside and in near vicinity of the HMM surface were
studied. Modeling confirmed that multilayer HMM slabs
with lower number of periods, 3 periods in this study,
provide higher total PDOS, giving rise to larger trans-
ition rate enhancement. The unit cell thickness can also
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affect enhancement of quantum dots emission®. The
total thickness of Ag/ITO HMM:s was kept 320 nm, while
the unit cell thickness ranges from 20 to 80 nm. The
study suggested that the Purcell factor increases as the
unit cell thickness decreases, exhibiting the maximum
enhancement factor of about 40. Related analysis was
done in work®, where the number of layers and their
thickness were varied to study changes of the Purcell
factor. The HMM was composed of alternate silver and
silicon layers with a dipolar emitter on top of it. It was
shown that the multilayer structures with a few layers of
small thickness outperform those with many layers of
large thickness in terms of the Purcell effect. Such effect
was attributed to the larger wavevectors and localization
of modes due to the stronger coupling between short
range SPPs on thinner metal layers.

Unlike conventional planar multilayer HMMs, HMMs
with a curved surface demonstrated an efficient out-
coupling of nonradiative modes due to the gradual taper-
ing of HMMs thickness down to few nm. Such outcoup-
ling leads to enhanced spontaneous emission®. High-k
plasmonic modes propagate along the curved surfaces
are then outcoupled into radiative modes and emitted in-
to the far field, realizing a directional light emission with
the maximal fluorescent intensity. Detailed simulations
revealed a high Purcell factor and a spatial power distri-
bution in the curved HMM, which agreed with the ex-
perimental result. The HMMs consist of 20 stacked lay-
ers (10 periods) of Ag and TiO, deposited on top of a
tapered glass capillary. On top of the uppermost Ag lay-
er, an extra 10-nm-thick TiO, spacer was deposited to
decrease the dye absorption. The fabricated HMM has a
gradient in its thickness due to the directional depos-
ition. Subsequently, the HMM-capped tapered glass ca-
pillary was dipped into the solution of R6G with a con-
centration of 100 pM. The PL-intensity distribution in-
dicates enhancement of both its directionality and effi-
ciency. Such curved HMMs, maintaining excellent prop-
erty in the Purcell effect, can achieve an 80-fold maxim-
um intensity enhancement for directional emission com-
pared with planar HMMs. Another flexible HMM that
can be folded was realized by Au and polymer (PVA)
layers, with water-soluble characteristics®®. These transi-
ent HMMs devices can be easily washed away, disappear-
ing with just few drops of deionized water at room tem-
perature. Two samples were made with different fill-frac-
tions of Au: 37.31% (marked as the HMM1) and 26.87%
(marked as the HMM2), and various dye molecules em-

bedded inside PMMA. The photoluminescence kinetics
was measured to explore the spontaneous emission ef-
fect. The best enhancement of 5.55 (3.80) times for the
HMMI1 (HMM2) was achieved for the R6G dye
molecules.

In order to enhance emission to far-field, metallic cyl-
inder patch antennas can be integrated with HMM struc-
tures®” 5. As an example, a 5-layered planar HMM struc-
ture consisting of Au and zinc sulfide (ZnS) layers with a
cylindrical Au patch antenna on the top was modeled®.
Silicon carbide (SiC)-based emitters with emission peaks
around 900 nm were placed inside the HMM. For dipole
orientation perpendicular to the interface, the HMM-
coupled antenna leads to a spontaneous emission en-
hancement with a Purcell factor on the order of 400 at
850 nm and 300 at 680 nm. A similar order of enhance-
ment was actually reported throughout the broad spec-
tral range of 650—1000 nm. Similarly, a cylindrical Ag
patch antenna on top of HMM structures with 5, 9, 13,
and 17 periods of Ag (24 nm) and TiO; (30 nm) layers
was optimized for dipole emission at 660 nm®. After
characterization, the best 200-fold emission enhance-
ment of CdSeS/ZnS core-shell QDs embedded inside the
HMM was achieved for the 5-layered structure. This
tendency of better enhancement by fewer periods of
HMM:s confirms conclusions stemmed from the theoret-
ical analysis®.

Optical cavities or resonators made of dielectric ma-
terials can trap photons and support strong electric
fields, however, the smallest size of such cavities is lim-
ited to the order of effective wavelengths of light, A/n,
where 7 is the refractive index of the dielectric. In case of
HMMs with high-k (large mode refractive index) BPPs,
the effective wavelength can be small and hence the size
of cavities made of HMMs can be deeply subwavelength,
much smaller than conventional dielectric cavities. Such
confinement leads to smaller mode volumes and, hence,
more intense electric fields in the nanocavities, resulting
in the enhancement of the emission rate. An HMM
nanocavity was initially demonstrated for 2 to 4 periods
multilayers HMMs curved into pyramid shape®. Re-
cently, HMM resonators were used for the enhancement
of emission from a transition metal dichalcogenide (TM-
DC) monolayers, WS, in order to boost light-matter in-
teractions with an atomically thin TMDC film as illus-
trated in Fig. 3°°. The authors demonstrated about 30-
fold enhancement of the overall photoluminescence
emission intensity from a WS, monolayer that is placed
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Fig. 3 | Photoluminescence enhancement by metal-dielectric multilayer HMM cavities. (a) Schematic illustration of the WS, monolayer on

the HMM cavities. (b) Type | hyperbolic iso-frequency contour of the HMM. (¢) Scanning transmission electron microscopy (STEM) image of the

cross section of a WS, monolayer on a HMM cavity with chemical composition analysis. (d,e) Scanning electron microscopy (SEM) images of

HMM cavities with pseudo colors. (f) Normalized calculated scattering and absorption at cross sections of the HMM cavities with a diameter of

160 nm and a pitch of 380 nm at the bottom. Figure reproduced with permission from ref.®°, American Chemical Society.

on top of the HMM resonators. Remarkably, the struc-
ture enhances both the excitation (absorption) at 514 nm
and radiative decay rate at 620 nm.

Forster resonance energy transfer (FRET) is the non-
radiative transfer of excited state energy from one fluoro-
phore (donor) to another fluorophore (acceptor) via a
dipole—dipole coupling process’*>. FRET for donor-ac-
ceptor pairs located on top of a HMM was experiment-
ally studied for the environments with high local densit-
ies of photonic states®. Authors observed strong collect-
ive interactions of the dye molecules and surface plas-
mon polaritons, which can affect the absorption and
emission spectra and, correspondingly, influence the rate
of the Forster energy transfer.

Apart from fluorescence dye, quantum dots, and
NVCs, nanocrystals of lead halide perovskite, namely
CsPbls, were used as emitters placed on top of HMMs to
study the enhancement of the Purcell factor®. The mul-
tilayer HMM contained 6 or 8 periods of Ag (25 nm or
40 nm) and LiF (35 nm or 40 nm) with CsPbI; placed on
a 10-50 nm thick spacer on top of the HMMs. CsPbl;
nanocrystals with size distribution of 11-16 nm emits
light at around 520 nm when excited by 405 nm laser ra-
diation, 3-fold reduction of emission lifetime was ob-

served when the nanocrystals were placed on top of the
HMMs. Interestingly, very similar enhancement of radi-
ative rate recombination, by almost 3 times, in quasi-2D
perovskite thin films of BA;Cs3sMA3Pb;Br,l5 composi-
tion deposited on top of gold-alumina HMMs of differ-
ent thicknesses (from 2 to 7 periods) was reported®. The
Purcell factor was demonstrated to grow almost linearly
with the number of periods in contrary to ref.>%. It
means that it is necessary to take into account properties
of active material since it has significant influence on
spontaneous emission process. The Purcell factor also
depends on the pump power. For the pump intensity
about 0.2 pJ, there are no any difference in the rate en-
hancement produced by 2- and 7-period HMMs.
However, with the increase in pumping to 20 pJ, there is
a significant difference in the Purcell factor: 1.62 versus
3.1

Most of multilayer HMMs are fabricated on a rigid
planar substrate which cannot be bent. However, re-
cently multilayer HMMs on flexible rollable paper sub-
strate have been demonstrated®. The fabricated struc-
tures consisted of four periods of Au(25 nm) and PMMA
polymer (30 or 40 nm) multilayers deposited on a
flexible PDMS intermediate layer and rollable paper
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substrate. The structures can be rolled up to the
curvature radius of 1 mm without performance degrada-
tion. The emitter is an organic —inorganic perovskite
nanocrystal, CH;NH3PBr3, which emits light in the vis-
ible wavelengths of 520-550 nm. In the paper, 3.5 times
enhancement of emission intensity was reported. This
new type of HMMs was used to demonstrate enhance-
ment of stimulated emission, as well as laser action.

Emission of quantum dots can be strongly enhanced
via coupling to aperiodic metal-dielectric multilayers.
Two such cases are reported in literature’*®. In both
cases, colloidal CdSe/ZnS quantum dots were placed on
top of aperiodic sequences of metal and dielectric thin
films. The decay rate of quantum emitters was character-
ized by standard lifetime measurements of fluorescence.
For comparison characterization was also conducted
with HMM structures composed of Ag and SiO, layers
with the same metal filling ratio as in the aperiodic stack
and thicknesses of 20 nm each. The sample with aperiod-
ic structure was based on the use of Fibonacci sequence
(FS)?”. The fluorescence decay curves showed a biexpo-
nential behavior. The contribution of the faster decay
components was dependent on the density of QDs, and it
was minimized by reducing their concentration. First,
the lifetime of quantum dots near the uniform silver film
and HMM samples was checked giving shorter life time
for the latter case. This result indicates that the reduc-
tion of lifetime for the HMM is not simply the extinc-
tion effect (quenching) due to presence of silver, but re-
gards to the presence of high-k modes. Next, the lifetime
on the HMM and FS samples was compared, showing
stronger reduction of lifetime by the FS sample. This
comparison indicates that the combined contribution of
larger PDOS for FS is higher than that of the HMM. The
experimental results were consistent with simulations
showing a 1.35 fold Purcell factor enhancement on the
Fibonacci sequence multilayer than on the HMM and
260-nm-thick silver film (control sample) on one partic-
ular wavelength.

Another periodic multilayer arranged in a Tue-Morse
(TM) sequence (8 layers ABBABAAB, where A and B
represent Au and SiO; layers with thicknesses of 20 and
80 nm, respectively) was compared with a periodic
HMM (4 periods, 8 layers) with the same filling
fraction®®. The photoluminescence measurements were
performed for the QDs on the two multilayer stacks and
the glass substrate at the emission wavelength of 580 nm.
The most substantial reduction occurred on the

https://doi.org/10.29026/0ea.2021.210031

wavelength 640 nm with quantified lifetime reduction in
1.45 and 1.33 times for TM multilayer stacks and period-
ic HMMs respectively.

The summary of the following chapter is presented in
Table 1. From the table, one can see materials used for
both metal and dielectric layers, emitters, and enhance-
ment factors. The metallic layers are mostly made of
either Ag or Au and a wide variety of materials are used
for the dielectric layers, such as silica (SiO3), alumina
(ALO3), titania (TiO,), polymers. The number of peri-
ods is in the range of 4 to 10. From the data presented in
the table it follows that depending on the structure the
fluorescence can be enhance from 1.3 to 200-fold.

Plasmonic trench structures

Apart from a conventional configuration of horizontal
metal and dielectric layers, a HMM can be realized with
vertically standing layers (Fig. 4). Such deep subwave-
length plasmonic gratings can be characterized as hyper-
bolic metasurfaces (HMS)* or so-called trench struc-
tures (HMMs)>>!%, The HMS exhibits in-plane aniso-
tropy, which leads to hyperbolic dispersion and supports
both directional surface waves and bulk plasmon modes
propagating inside of the trenches. An emitter placed on
the surface will show emission in specific directions
only?#. Ag-based trenches with semiconductor In-
GaAsP quantum walls as emitters embedded in the
trenches were realized as the HMS as shown in Fig. 4°.
The trench HMS displayed extreme absorption and
emission polarization anisotropy. Hyperbolic dispersion
was verified by finite difference time domain (FDTD)
simulations and > 350% emission intensity enhance-
ment was experimentally observed relative to the bare
semiconductor quantum wells.

Recently, a hyperbolic metasurface made of a metal-
halide perovskite gain medium infiltrated between Au
trenches was realized'”!. The Au trenches with pitch of
either 80 nm or 120 nm function as a type-II HMM in
the wavelength range of 740-780 nm were realized.
Strong photoluminescence from MAPbI; perovskite
peaking around 770 nm was observed. Furthermore, the
photoluminescence measurements demonstrated highly
anisotropic emission from the HMSs with strong polariz-
ation dependence in both the emission and absorption
due to the highly anisotropic nature of the trench HMS.
Perovskites simultaneously function as PL material and
as constituent dielectric, hence, a luminescent hyperbol-
ic metasurface could be utilized as a light source with a
tailorable  emission another

polarization.  Using
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Table 1 | Summary of photoluminescence enhancement by multilayer HMM structures. Unless noted, emitters are located on the top sur-
face of HMM structures and the works are experimental.

. Emitters (emission peak References
HMM structures and materials Enhancement factor
wavelength) (year)
Au(19 nm)/Al,03(19 nm), 8 periods Rhodamine 800 (715 nm) 1.8-fold reduction of lifetime ref.5” (2010)
Ag(25 nm, 11 layers)/PMMA(30 nm, 10 layers); Ag(30
nm, 5 layers)/LiF(40 nm, 4 layers); Ag(30 nm)/LiF(40 nm) IR-140 dye (850 nm) 1.4 for Ag/LiF; 5.7 for Ag/PMMA  ref.%® (2011)
8 periods, and Ag(20 nm)/MgF2(30 nm) 8 periods
Au(19 nm)/Al,03(19 nm), 8 periods Rhodamine 800 (720 nm) 9.3 ref.®® (2012)
Ag(9 nm)/TiO2(22 nm), 10 periods CdSe/ZnS colloidal QDs (630 nm) & ref.> (2012)
Au(15 nm)/Al203(28 nm), 10 periods Coumarin 500 (480 nm) 2 ref.”? (2013)
Au(19 nm)/Al,03(19 nm), 8 periods NVC (637 nm) 2.57 ref.”" (2013)
Au nanoparticles (15 nm)/CdTe QDs (5.5 nm), separated ref. 7475 (2011
by dielectric (PDDA/PPS) spacers with varied thickness CdTe QDs (590 nm) 4.4 ’ 2014) '
(0—10 nm), 2-5 periods
TiN(8.5 nm)/Alg.7Sc.3N(6.3 nm),10 periods NVC (600—800 nm) 4.7 max Purcell factor ref.”? (2015)
TiN(15 nm)/SiO2(15 nm), 5 periods 20 nm thick Si QDs (720 nm) 1.6 ref.”® (2015)
HITC dye-doped polymeric film
Ag(25 nm) 7 layers /MgF (35 nm) 6 layers gl sl 7 ref.7® (2015)
(860 nm)
Ag(10 nm)/TiO2(30 nm), 10 periods Rhodamine 6G (R6G, 540-600 nm)  80-fold intensity enhancement ref.®> (2018)
Au(26.87-37.31%)/poly(vinyl alcohol) (PVA), 4 periods R6G dye (540-600 nm) 1.55 for HMM1, 1.18 for HMM2  ref.?® (2018)
Ag(22 nm)/MoO3(10 nm) 6 periods, HMM; . Lasing threshold 20% less and 6
. L ZnO nanoparticles (395 nm) . L . ref.”® (2018)
Ag(12 nm)/MoO3(20 nm) 6 periods, elliptic times emission intensity
Al(20 nm)/MgF2(20 nm), 4 periods 15-nm thick AIGaN MQWs (318 nm) 160-fold emission rate ref.”” (2018)
Au(30 nm)/ZnS(30 nm) 5 periods, with cylindrical gold . Purcell factor of 400 at 850 nm.
SiC (900 nm) ref.87 (2018)
patch antenna (Theory)

. Zinc tetraphenylporphyrin (ZnTPP), 18-fold increase in fluorescence
Ag(25 nm)/PMMA(30 nm), 5 periods ) . ref.”® (2018)
S1 (5680-670 nm), Sy (400-460 nm) intensity from S; state to Sy.

320 nm thick HMM of Ag/ITO with unit cell thickness from

CdSe/ZnS QDs (550 nm) 40-fold intensity enhancement ref.2% (2018)
20 to 80 nm
Quinoidal oligothiophene derivative
) Styryl9M dye (680-850 nm) 1.3-1.4 Purcell factor ref.®° (2019)
QQT(CN)4 (60 nm thick), 670 to 920 nm
Ag(24 nm)/TiO2(30 nm) 5, 9, 13, and 17 layers with 200-fold enhancement for 5-layered
L CdSeS/ZnS QDs (660 nm) ref.t8 (2020)
cylindrical Ag antenna HMM
Au(15 nm)/SiO2(25 nm) 3, 5, and 8 periods Emitter (600-1600 nm) 60-85 (Theory) ref.t2 (2020)
30-fold enh t of th Il
Ag(16 nm)/Al,05(24 nm), 3 periods WS, monolayer (615 nm) eid ennancemen o1 OVETal - e =0 (2020)
PL intensity
Ag(25 nm)/LiF(35 nm) and Ag(40 nm)/LiF(40 nm), 6 or 8  CsPbls Perovskite nanocrystals
. 3-fold Purcell enhancement ref.% (2020)
periods (520 nm)
BA>Cs3MA3Pb7Bralyg Perovskite 1.6-3-fold Purcell enhancement
Au(10 nm)/ Al205(10 nm), 27 periods ZSanaTRTRI220 : : ref.(2021)
film (700 nm) depending on number of periods
Ag(25 nm)/PMMA(40 nm) and Ag(25 nm)/PMMA(30 nm), MAPbBr3 perovskite nanocrystals . .
. 3.5-fold intensity enhancement  ref.% (2021)
4 periods on paper (520-550 nm)
Aperiodic Ag (20 nm, 6 layers)/SiO2(20 nm, 6 layers) in . 1.6 than Ag layer, 1.35 than
. ) Colloidal CdSe/ZnS QDs (640 nm) e . ref.%” (2014)
Fibonacci sequence periodic material

Aperiodic Ag(20 nm, 8 layers)/SiO2(80 nm, 8 layers) in

Colloidal CdSe/ZnS QDs (640 nm) 1.45 than glass substrate ref.?® (2019)
Tue-Morse (TM) sequence
perovskite material instead of MAPDI; could allow for ler than that of operating wavelengths, the effective or-
tuning of emission wavelengths. dinary and extraordinary permittivities of the

. metamaterial are expressed b
Nanorod and nanowire structures P Y

In the case of HMMs consisting of metal nanorods or €0 = [(1+fo) emea + (1= fo) €]/ (1 + fn) €4
nanowires with diameters and periods sufficiently smal- + (L =fo)em )
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Fig. 4 | Photoluminescence enhancement on trench hyperbolic metasurface. (a,b) SEM images of InGaAsP MQW trenches of 100 nm

height and 40 nm width, separated by 40 nm trenches. Ag is deposited by sputtering, partially filling the trenches to create a HMS with 80 nm

period. (c) lllustration of optical pumping with different polarizations (TMP; or TEP | of the HMS results in collected emission polarized predomin-

antly parallel (TM€)) to the metasurface. Kg is the Bloch wavevector. Figure reproduced from ref.*s, under a Creative Commons Attribution 4.0

International License.

& =fu tm+ fi- €, (6)
where &n, €4 and f, fq are the permittivities and volume
fractions of metal nanowires and dielectric matrix, re-
spectively.

One of the earliest works on PL enhancement by a
HMM was conducted with an array of Ag nanowires in
Al,O3 matrix!?, where Ag nanowires with 35 nm dia-
meter occupied 15% of volume fraction. The emitter was
IR-140 laser dye with the maximum radiation at 892 nm.
Dye was dispersed in an 80 nm thick PMMA film depos-
ited on the nanowire HMM structure. A 6-fold reduc-
tion of the emission lifetime of the dye was reported.
Later, an array of gold nanorods or nanowires with type I
hyperbolic dispersion for bulk plasmon modes that
propagate inside the metamaterial was used for enhance-
ment of fluorescence, as shown in Fig. 5!, The structure
consisted of Au nanorods with dimensions: approxim-
ately 38 nm diameter, 150 nm height, and approximately
80 nm pitch. Almost 50-fold reduction of the fluores-
cence lifetime for the emitters placed inside the HMM
was observed in comparison with a 2-3-fold reduction
for emitters placed on top of the metamaterial. This work
demonstrated that the BPP modes play a significant role
in determining the spontaneous emission properties
within plasmonic nanorod HMMs. The spectrum and
lifetime of the emission can be controlled separately for
TM and TE polarizations by coupling to different BPPs
supported in the metamaterial slab. Similar spontaneous
radiation of an emitter inside nanorod-based metamater-
ials was studied by the same group!'®. It was not possible
to accomplish direct measurement of the specific life-

time reduction. A broadband macroscopically averaged
lifetime measurements were conducted instead. The av-
eraged lifetime reduction over the sample was of the or-
der of 30, showing that the real numbers are orders of
magnitude higher. Furthermore, the Au nanorod array is
employed to increase the FRET rate for donor-acceptor
pairs separated by fixed distances (3.4, 6.8, and 10.2 nm)
embedded inside the HMM structure'®. It was shown
that donor-acceptor pairs placed inside the gold nanor-
od-based metamaterial exhibited a 12-fold increase of
the PDOS and a 13-fold increase of the FRET rate com-
pared to those located on bare glass.

Another approach to fabricate nanorod based HMMs
was realized with using ion-etching of electrochemically
grown Au nanorods, which provides closely packed
structures with well-defined and smooth nanocones
(cone base 40—60 nm, cone apex 2 nm, nanocone dens-
ity 10'° cm~2)'%. For the nanorod and nanopencil (nanor-
od with tapered end) metamaterials, the strongest field
enhancement occurs at the wavelength of 596 nm with
the corresponding intensity enhanced by a factor of ap-
proximately 40 and 60, respectively. For the nanocone
metamaterials, this occurs at 660 nm with a 105-fold in-
tensity enhancement. For both nanopencil and nano-
cone metamaterials, the maximum field enhancement is
observed at the apex.

In the specific case of phosphorescence, which is a
second-order quantum process, emitters typically exhib-
it lifetimes in the range of milliseconds to seconds, or-
ders of magnitude longer than the common nanosecond
lifetimes of fluorescent dyes. This comes from the
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Fig. 5 | Plasmonic nanowire-based HMMs. (a) An array of Au nanorods with approximately 38 nm diameter, 150 nm height and 80 nm spacing
embedded in a dye-doped PMMA matrix. (b) Emission in waveguided modes. Experimental dispersions of the photoluminescence (PL) enhance-
ment measured for TM-polarized emission whose position reproduced from the reflection dispersion is shown as shaded area. Gray dotted line is
the light line in air, bulk greyed region is the emission band of LD700 dye. Figure reproduced with permission from: ref.’%, American Chemical Society.

forbidden nature of the transitions involved in the emis-
sion process, including transitions between states of dif-
ferent spin multiplicities such as singlet—triplet trans-
itions. The decay rate enhancement of a singlet—triplet
transition was investigated for a long lifetime phosphor-
escent ruthenium-based complex (Ru(dpp)) inside a
gold-nanorod-based hyperbolic metamaterial'”. Typic-
ally, the decay rate enhancement in fluorescence pro-
cesses follows theoretical predictions by the PDOS the-
ory. However, in the case of singlet-triplet transitions the
strong local gradients of the electro-magnetic field in the
plasmonic nanostructures need to be taken into account.
For example, a 2750-fold decay rate enhancement

demonstrated in this publication cannot be explained
only by the standard PDOS approach.

The summary of plasmonic nanowire-based HMM
structures is given in Table 2. It has been demonstrated
that these structures can be used to enhance photolumin-
escence by more than 30 times. Nanowires are made of
either gold or silver with diameters of 38 to 60 nm,
periods of 100 to 250 nm, and heights of 150 nm to 250
nm. The enhancement factors range from 40 to 105. In
addition, nanorods HMMs improve the FRET effective-
ness and allow forbidden transitions such as a
singlet-triplet transitions in a long lifetime phosphores-
cent ruthenium-based complex.

Table 2 | Summary of photoluminescence enhancement by plasmonic nanowire HMM structures. Unless noted, emitters are located on

the top surface of HMM structures and the works are experimental.

HMM structures and materials

Emitters (emission peak

References
Enhancement factor
wavelength) (year)

Ag nanowires, 35 nm diameter, 15% volume fraction in Al,03
host
Au nanorods, 38 nm diameter, 150 nm height, and 80 nm pitch.
Au nanorods, 40 and 25 nm diameter, 250 nm height, and
surface densities of 35% and 14%

IR-140 laser dye (892 nm)

LD700 dye (700 nm) 50
PVA embedded with R101 dye

6-fold reduction of lifetime  ref.'°> (2010)
ref.'% (2017)

4.6 ref.’%% (2017)
(606 nm)

CdSe QDs of diameters 5 nm and 2-3 for the f= 0.15 against

Silver nanowire-alumina HMM (filling fractions /=0.15 and 0.2)

ref.1%% (2017)

6.5 nm (580 and 670 nm) f=0.2

D1 (fluorescein, 514 nm), D2 (Alexa

Au nanorod, 50 nm diameter, 100 nm pitch, and 250 nm height 514, 550 nm), D3 (ATTO 550, 575 30

ref. 1% (2017)

nm) and D4 (ATTO 647N, 670 nm)

Au nanorod, 50 nm diameter, 260 nm height, 100 nm inter-rod
spacing

ATTO 550 and ATTO 647N dyes

13 FRET rate ref.1%5 (2018)

(554 nm)

Au nanorod, 50 nm diameter, 250 nm height, 100 nm inter-rod  Ruthnium-based phosphorescent

spacing
Au nanorod (60 nm diameter and 110, 160, and 240 nm lengths),
nanocone (cone base ~40—60 nm, cone apex < 2 nm),
nanopenscil (60 nm base diameter and 10 nm at the top)

2750 (Theory) ref. 107 (2019)

complex (Ru(dpp), 620 nm)

40, 60 at 596 nm, and 105 at
None 660 nm of the field
enhancement

ref.1% (2019)
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Grating out-coupler on HMM

There are various works on combining a grating on top
or inside multilayer and nanowire HMMs. The role of
the grating is to out-couple photoluminescence en-
hanced inside of HMM to far-field since there is a pro-
nounced momentum mismatch between the HMM
modes and lightwaves in ambient space, i.e. air super-
strate and substrate. A line (1D) grating with pitch P
provides the parallel wave vector of

N, =nsing —mA/P(m=1,2,3---), (7)
where n is the refractive index of the ambient medium,
usually air (n = 1) and ¢ is the incident angle. When Ng
equals the effective mode index of BPP modes, emission
is straightforwardly out-coupled from the HMMs. The
gratings couplers studied here are 1D line grating, 2D
gratings made of square lattice or hexagonal lattice of air
hole arrays, and circular grating, also known as “bull-
seye” gratings.

1D (line) grating out-coupler

The spontaneous emission rate of a dye molecule embed-
ded in a polymeric matrix can be greatly enhanced by a
nanostructured HMM composed of alternating multilay-
ers of Ag and Si''’. To demonstrate this, four samples
(Fig. 6) were used: bulk silver slab, Ag grating, Ag/Si
HMM, and Ag/Si HMM with grating. By adjusting the
filling ratio of Ag in HMMs, the Purcell enhancement
can be tuned to achieve better control of emission pro-
cesses at desired wavelengths, demonstrating the versatil-
ity of plasmonic PDOS engineering in multilayer HMMs.
The lifetime of R6G dye molecules on various samples
was characterized using resolved luminescence time. As
a reference, the lifetime in a methanol solution was
measured to be 3.8 ns with a mono-exponential fit. For
the Ag/Si HMM with 200 nm period grating, the lifetime
is reduced by almost one order of magnitude compared
to the bare silver grating. In total, there is an increase in
decay rate by 54 times compared with the dye on a Si

V zlass substrate / .

film. The increase in the decay rate is observed in the
case of Ag/Si HMM with grating compared with the sig-
nal from the dye in PMMA on the surface of a bulk sil-
ver slab or Ag/Si HMM. The decay rate and lumines-
cence intensity are growing with shortening the lattice
period. The lifetime is minimal for the period of 80 nm
(in 76 times). A luminescence enhancement coefficient
close to 80-fold was achieved for HMM with a period of
80 nm. Shorter lattice periods are better suited to excite
high-k bulk plasmon modes, what leads to a simultan-
eous increase in both the Purcell factor and fluorescence
intensity. For the 1D grating with the period of 200 nm,
the averaged 120-fold intensity enhancement and local
enhancement up to 1000-fold at some positions was ob-
served. Later, in a theoretical work on the systematic op-
timization conducted by the same group!!, they studied
the multilayer HMMs that consisted of 10 layers of Ag
and 11 layers of Si with a period of 20 nm on a glass sub-
strate to find optimal material combinations for Purcell
enhancement. Large emission intensity with up to 120-
fold enhancement was shown by comparing different
geometry parameters, the emitter distance and their
wavelengths.

To demonstrate the Purcell effect of a pristine and pat-
terned HMMs, Fig. 7(a, b), time-resolved photolumines-
cence decay measurements of QDs on a Ag-SiO; mul-
tilayer stack and glass substrate (control case) were con-
ducted. Characterization of CdSe/ZnS QDs spontaneous
emission rate was performed in a broad wavelength
range from 570 to 680 nm. Such broad band was used to
ensure probing the Purcell effect of QD emission in
elliptical, ENZ, and hyperbolic regions of the multilayer
metamaterial nanostructures'’>. A large PDOS in the
ENZ and hyperbolic regions results in a higher Purcell
factor and QD emission rate enhancement compared to
the elliptical region. The measured photoluminescence
decay data from QDs on the multilayer at emission
wavelengths of 570 (ENZ region), 600, and 650 nm (hy-
perbolic region) show faster decay than that on the glass

[]

P, A7

Ag/Si HMM

>

y

Fig. 6 | 1D grating out-couplers on multilayer HMMs. Schematic illustration of (a) Ag slab, (b) Ag grating, (c) Ag/Si HMM, and (d) Ag/Si HMM
with grating. R6G fluorescence dye is in PMMA layers. Gratings period is 200 nm.
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Fig. 7 | 1D and 2D grating out-couplers on multilayer HMMs. (a) Schematic illustration and (b) SEM images of HMM with 1D gratings. HMM is
composed of four periods of Ag (12 nm thick) and SiO» (83 nm) layers on top of 100 nm thick Ag substrate as a reflector. The pitch of grating is P =
300 nm. A thin layer of QDs in PMMA is spin-coated on top of the HMM structures. (¢) Schematic of 2D grating in Ag film on HMM with 6 periods
of Ag (12 nm) and Al;O3 (23 nm) layers. (d) SEM image of 2D Ag on top of the PMMA layer with an average period of 500 nm and hole size of
160 nm (top view). (e) Cross-section view of transmission electron microscope (TEM) image of HMM made of Ag (dark color, 15 nm), Al2O3
(bright color, 15 nm), and embedded QD layer (false color). The bottom and top layers are glass substrate (false yellow) and Pt protection (false
violet) layer, respectively (shown in false color). (f) SEM image of the top view of 2D gratings on HMMs with lattice constant of 255-370 nm with
air hole radius of 52-80 nm. Figure reproduced with permission from: (a, b) ref."’?, American Chemical Society; (c, d) ref."'®, under a Creative

Commons Attribution-NonCommercial- ShareAlike 4.0 International License; (e, f) ref.’'*, PNAS.

substrate. To further enhance the interactions, the mul-
tilayer HMMs was patterned as a grating with a pitch of
P =300 nm (see Fig. 7(a, b)). Such subwavelength grat-
ing provided larger spatial overlap and enabled stronger
coupling between QDs inside the grating grooves and the
high-k BPPs of the multilayer structure. A 6-fold emis-
sion rate enhancement by the multilayer grating struc-
ture was demonstrated in comparison with the reference
case.

In addition, one-dimensional HMMs lattices were act-
ively used for so-called “trapped rainbow” as a storage of
electromagnetic waves. By changing the parameters of
the plasmonic grating, trapping could be achieved for
different wavelengths in a wide spectral range!!>!!. For
example, in the 2014 work of the group F. J. Bartoli, the
fabricated series of 1D nanopatterned gratings with dif-
ferent groove depths on a 300-nm-thick layer of Ag ex-
perimentally shows “trapped rainbow" effect in the
500-700-nm region''>. This effect is possible due to the
accumulation of modes due to the rapid reduction of the
SPP group velocity at specific position along the grating
surface!>. HMMs support high-k modes with larger
mode refractive index than plasmonic slabs for broader

wavelength region, which propagate slower''” and the
tapered HMM lattices or cavities were shown to trap
electromagnetic modes and enhance light absorption for
mid-infrared wavelengths''®.

Square or hexagonal lattice grating out-coupler

By using a square lattice of air holes as a grating coupler
on multilayer HMMs, the large spontaneous emission
rate enhancement of an organic dye was demonstrated as
illustrated in Fig. 7(c, d)!*>. The metamaterial contains 12
alternating layers of Al,O3 and Ag (6 periods) with 23
nm and 12 nm thicknesses, respectively. To investigate
the influence of the designed HMM on spontaneous
emission enhancement, a dye doped PMMA layer (thick-
ness around 100 nm) was spin coated over a pre-deposited
Al,O3 spacer (12 nm) on the HMM structure. Then the
2D grating with 500 nm period and 160 nm diameter air
holes array was patterned above the dye mixed PMMA
layer over the HMM, followed by the deposition of an Ag
layer of thickness 20 nm. The fluorescence time decay in
spectral regions with different dispersion, such as ellipt-
ical dispersion of the HMM (A = 420 nm), the critical
wavelength with the epsilon-near-zero regime for
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ordinary permittivity (A = 430 nm), and type II hyperbol-
ic dispersion (A =450 nm) were compared. Four differ-
ent samples such as a reference (pink curve), HMM (red
curve), HMM with Ag film on top (black curve) and
HMM with a 2D grating (blue curve) were investigated
for comparison. Among these configurations, a maxim-
um of 18-fold decay rate enhancement is obtained for the
grating coupled HMM structures at 510 nm emission
wavelength (in the hyperbolic region), while the life time
value is larger in the elliptical region.

As a follow-up work to further enhance emission, dye
molecules were not deposited on top of the HMM, but
directly embedded inside its volume, so that the emitters
can interact more effectively with the BPP modes!'". In
order to compare the decay rate enhancement, three
structures were investigated: a reference sample that is a
spin coated DCM dye-dissolved 100 nm thick PMMA
layer on a 5 nm thick SiO; spacer on a glass substrate, the
same thickness PMMA layer with dye on top of the
HMM, and a 15 nm thick PMM layer with dye embed-
ded inside the HMM. The dye molecules embedded in
the HMM exhibit about a 35-fold decay rate enhance-
ment with respect to those in the reference sample. In
addition, a 17-fold decay rate enhancement was ob-
tained for the dye-dissolved PMMA layer on top of the
HMM. This large spontaneous emission rate enhance-
ment of the grating coupled HMM is attributed to the
out-coupling of non-radiative plasmonic modes, as well
as strong plasmon-exciton coupling in HMM via diffrac-
tion grating.

Broadband enhancement of spontaneous emission
from two-dimensional semiconductors was demon-
strated for molybdenum disulfide (MoS,) and tungsten
disulfide (WS;) by placing the monolayers on a multilay-
er HMM with a grating coupler in hexagonal arrange-
ment'?’. Great advantage of using 2D materials is that the
monolayer can be positioned at a very precise distance to
the substrate to achieve the maximal enhancement effect
of the PDOS. The HMM consisted of alternating layers
of Al,O3 of about 20 nm thickness and Ag of about 10
nm thickness. For each Ag layer, an ultrathin germani-
um seed layer (~2 nm) is first deposited that allows the
silver to form optically smooth, high quality films. Pho-
toluminescence measurements showed 56 times and 60
times intensity enhancement for the WS, and MoS,, re-
spectively, in comparison with the reference sample.

A multilayer HMM with a hexagonal array of built-in
air holes was realized in order to extract enhanced emis-

sion from quantum dots embedded in the HMM as
shown in Fig. 7(e, ). The HMM consists of 7 periods
of Ag and Al,O3 with approximately 15 nm for both lay-
ers with 1 nm Ge adhesion layers at each interface of Ag
and Al,Os. Quantum dots are colloidal CdSe/ZnS
particles embedded inside the fifth from the substrate
Al,Os layer with the emission peak around 630 nm. The
grating is made of 120-160 nm diameter air holes ar-
ranged in a hexagonal lattice with period of 280-300 nm.
Twenty times enhanced spontaneous emission rate and
one hundred times improved out-coupling efficiency of
emission from quantum dots embedded in the structure
was reported.

Circular (bullseye) grating out-coupler

A circular or bullseye grating is composed of concentric
circular gratings with certain periods, so that the out-
coupling of optical modes is achieved for every direction
in the plane, where the grating is placed. The circular
gratings have been employed for efficient out-coupling
of enhanced photoluminescence from HMM structures
too. The multilayer Ag/TiO; structure with a bullseye
grating on top was theoretically studied'?!. The grating-
HMM configuration exhibited 6-fold far-field Purcell
factor. The spectral location of the out-coupled peak can
be tuned by varying the bullseye grating period.

In another study, bullseye gratings with various
pitches were created on top of a multilayer HMM made
of Al,O3 (20 nm) and Ag (12 nm) layers with a thin (1-2
nm) germanium (Ge) adhesion layer between them!*.
Bullseye gratings with various half-periods, A = 125, 150,
170, 200, 250, 265, and 300 nm were patterned on
PMMA placed on top of the HMM. In order to enhance
spontaneous emission from QDs by high-k BPP modes,
QDs were embedded in the middle of HMMs by spin-
coating, for instance, in the 3™ period out of 7 periods.
The photoluminescence and lifetime of the patterned
HMM were measured simultaneously using a confocal
microscope. Measurements revealed that lifetime of QDs
is decreased with increasing number of periods,
indicating the presence of high-k modes and their contri-
bution to the spontaneous emission enhancement. Ob-
served lifetime for QDs located under the bullseye grat-
ing (= 1.9 ns) was less than lifetime of QDs located away
from the bullseye (= 2.6 ns).

A bullseye grating on a metal nanowire HMM was also
studied theoretically'*. A dipole emitter is placed on top
of the Au nanowire HMM and a Si circular grating
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out-coupler is placed below the HMM structure. The en-
hanced emission is coupled to high-k BPP waveguide in
the HMM slab and emitted to far-field via the bullseye
grating. By optimizing the HMM slab thickness and fill
ratio of metal nanowires, 18-fold far-field emission en-
hancement was predicted.

The summary of grating out-couplers performance is
given in Table 3.

Epsilon-near-zero (ENZ) materials

An epsilon-near-zero (ENZ) material is an optical mater-
ial whose relative permittivity (dielectric function) be-
comes near zero (¢ ~ 0) for a certain wavelength range'*.
Nanostructures, whose effective refractive index ap-
proaches the near zero regime are often referred to as
near-zero-index (NZI) materials'?®>. A thin slab of ENZ
material (thickness < 1/50, one fiftieth of the wavelength)
supports a highly localized within-the-slab optical mode,
sometimes referred to as an ENZ mode, enabling to con-
centrate light energy at nanoscale!’*'?”. Recently, ENZ
modes have been observed in a thin film of doped semi-
conductor, aluminum nitride (AIN)'? and silicon
carbide (SiC) grating structures?® for mid-infrared
wavelengths. Near the ENZ regimes, the hyperbolic (or
indefinite) iso-frequency surfaces of HMMs changes its

dispersion shape and allow wavevectors of BPPs up to

https://doi.org/10.29026/0ea.2021.210031

infinitely high values (high-k modes regime)'>-'3!. Thus,
a high value of the PDOS in the vicinity of the ENZ
wavelength can occur®*°4!13132135 Consequently, if a
fluorophore is placed near the ENZ medium, it experi-
ences the enhanced Purcell effect?>33132134,

Planar plasmonic multilayers as illustrated in Fig. 8(a,
b) were designed to exhibit single ENZ (permittivity be-
comes near zero) and double ENZ behavior (both per-
mittivity and permeability simultaneously become near
zero)'*. The single ENZ structures consist of metal-insu-
lator (dielectric)-metal (MIM) layers with 20 nm thick
Ag layers and 80 nm thick Al,O3 layers. The first ENZ
condition, which occurs at shorter wavelengths, is tuned
to match the absorbance band of the fluorophore placed
on the top of MIM structures with Al,O3 spacer separa-
tion. Cesium lead halide perovskite (CsPbBr3) nanocrys-
tals are used as a fluorophore that emits in the green
spectral region. The double ENZ structures are com-
posed of MIMIM configuration with the same metal and
dielectric layers, such that ENZ wavelengths are also
tuned to the emission peak of the fluorophore. The max-
imum PL enhancement occurs for a space layer thick-
ness of 50 nm [see the inset of Fig. 8(c)]. In order to
highlight the contribution of both ENZ conditions, a
comparison between the single ENZ regime in the ab-
sorption band of the fluorophore and double ENZ case

Table 3 | Summary of photoluminescence enhancement by grating out-coupler on HMM structures. Unless noted, emitters are located on

the top surface of HMM structures and the works are experimental. Here P is the pitch or lattice constant of the grating out-coupler.

Emitters (emission peak

HMM structures and materials

References
Enhancement factor

wavelength) (year)

1D grating (P=200 nm) on Ag(9 nm)/Si (10 nm), 15 period

R6G dye (600 nm) 80
CdSe/zZnS QDs

ref.!0 (2014)

1D grating (P=300 nm) on Ag(12 nm)/SiO2(83 nm), 4 period 6 ref."2 (2017
grating ( ) on Ag( )/SiOx( ). 4p (570-680 nm) (2017)
1D grating (P=200 nm) on Ag(10 nm, 10 layer)/ ) )
. Dipole emitters (582 nm) 120 (Theory) ref.”" (2018)
Si(10 nm, 11 layers)
Square lattice grating (P=500 nm) on Ag(12 nm)/Al203(23 nm),
< grating ( Jon Ag( VAIZOH ) Coumarin 500 (510 nm) 18 ref.'13 (2014)

6 period
Dye molecules embedded grating-coupled HMM (GC-DEHMM)
(P=500 nm and hole radius 100 nm) on
Ag(12 nm)/SiO2(5 nm)/dye-dissolved PMMA(15 nm)
Hypercrystal, hexagonal lattice grating (P=280 nm and hole
radius 100 nm) on Ag(20 nm)/Al203(20 nm)
Hypercrystal, hexagonal lattice grating (P=280-300 nm) on
Ag(15 nm)/Al,03(15 nm) multilayer, 7 period
Bullseye grating (P=400 nm) on multilayer HMM Ag
(10 nm)/TiO2(30 nm), 4.5 period
Bullseye grating (P=250-600 nm) on Ag(12 nm)/Al203(20 nm)
multilayer

CdSe/ZnS QDs (630 nm)

Si bullseye grating (P=600 nm) on Au nanowire (44 nm pitch) in
PMMA HMM (100 nm thickness)

DCM dye (580 nm)

MoS; (660 nm) WS,
(620 nm)

Emitter (800 nm)

Dye (850 nm)

35 for the GC-DEHMM, 17 GC-
DEHMM with respect to the
DEHMM
56 times enhancement for WSy, 60
times for MoS»

ref.11° (2016)

ref.120 (2016)
20 times ref.’ (2017)

6 far-field Purcel factor (Theory) ref.’?' (2013)

CdSe/ZnS quantum dots
(630 nm)

20 ref.122 (2015)

18 (Theory) ref. '3 (2019)
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Fig. 8 | Epsilon-near-zero (ENZ) materials. Sketches of the (a) single ENZ (MIM) and (b) double ENZ (MIMIM) structures. A 50 nm thin Al,O3
layer has been deposited on top of each structure as a spacer between the dye (CsPbBr3 nanocrystals) and the Ag layer. (c) Spontaneous emis-
sion and decay times of CsPbBr3 nanocubes deposited on a bare Al,O3 substrate (black), a MIM (red), and a MIMIM (blue) structure 1D grating.

(d) PL enhancement by plasmonic nanostructures. Figure reproduced with permission from ref.'35, American Chemical Society.

was presented. In the case of the single ENZ, small in-
crease in the emission (by about a factor of 1.5 com-
pared with a bare Al,O3 layer) and a slightly reduced de-
cay time was observed, while a 4-fold enhancement of
the emission, accompanied by a significantly shortened
decay time, was observed for the double ENZ case as
in Fig. 8(c,d). In addition, double ENZ
wavelengths for both near zero permittivity and per-

shown

meability wavelengths can be tuned within the whole vis-
ible range by adjusting the thickness of each single
dielectric layer in order to use a wide variety of
fluorophores.

Active HMMs

As shown above, layered metal-dielectric HMMs sup-
port a wide variety of surface and BPP modes with high
modal confinement inside the multilayer. Far-field radi-
ation can excite only a subset of these polaritonic modes,
typically with a limited energy and momentum range in
respect to the wide set of large wave vectors (high-k
modes) of BPP modes supported by hyperbolic disper-
sion media. Localization of light emitters (dye molecules,
quantum dots, and nanodiamonds with color centers) in
the HMMs’ bulk makes it possible to excite many BPP
modes directly. The relaxation of the excitation of these
modes, accompanied by radiation, provides tools for cre-
ating light sources with a controlled spectral composi-

tion determined by the resonance properties of the
HMMs.

Of particular practical interest is the creation of light
sources characterized by a spectrally narrow emission,
since the high spectral brightness realized in such
sources is fundamentally important in molecular spec-
troscopy and related sensing with a sensitivity at the level
of single molecules**'¥’, and future electronics operat-
ing at optical frequencies.'**!* However, optical losses in
metals do not allow achieving high-Q resonance proper-
ties of existing metamaterials and plasmonic devices.
Thus, the characteristic values of the spectral width of
the corresponding resonances are at the level of 30-50
nm in the visible spectral range. Loss compensation
(transition from passive to active systems) can overcome
this limitation. The inclusion of gain media offers a path-
way to mitigate these losses, and gives rise to the new
class of active HMMs, where light strongly interacts with
quantum transitions of the active medium'“*-'42. In act-
ive HMMs the simultaneous interaction of light with an
absorption and emission lines of optically pumped gain
media can take place. The use of stimulated emission and
loss compensation are necessary ingredients for achiev-
ing the lasing regime and have been known in laser phys-
ics since the invention of the first laser. However, the use

of small optical cavities significantly complicates the
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physical picture of lasing. Indeed, to achieve loss
compensation for a HMM cavity, it is necessary to have a
large number of emitters in the high-intensity region of
the respective mode!**. However, the small mode volume
of such resonators containing a high number of emitters
leads to hybridization of quantum emitters with the
HMM cavity-an effect very difficult to achieve in
photonic lasers due to the significantly large dimensions
of such resonators, in comparison with the optical
wavelength!*.

Figure 9 shows two typical schemes for creating an
active HMM: with dye molecules located on top of the
HMM (Fig. 9(a)) and dye molecules located in each
dielectric layer of the HMM (Fig. 9(b)). The first scheme
is simpler in experimental implementation, while the
second one provides the highest saturation of the BPP
modes volume by dye molecules. The energy levels of the
dye molecules that provide gain can be approximated by
a four-level model as sketched in Fig. 9(c). Pumping of
the dye and population inversion involves the excitation
of electrons from the fundamental level to the excited
state (blue arrow in Fig. 9(c)). The electrons relax
through fast non-radiative processes (green arrows in
Fig. 9(c)) and spontaneous and stimulated light emis-
sion occurs via the optically active transition from E; to
E4 providing gain (red arrow in Fig. 9(b)). The choice of
the four-level system for active layer is important to get
great population inversion (population of E3 energy level
compared to E4 level) and hence high gain. To obtain a
physical pattern of a system presented in Fig.9, full
quantum analysis of coupled electronic-vibronic system
is required, involving understanding of the absorption,
emission, and plasmon tunings, together with phonon
and relaxation pathways, while also exploring the effect
of the tight plasmonic confinement on the molecular re-
laxation. Although there have been some recent progress
in developing models'*-'¥, a full theory accounting for

molecules in PMMA n

how different phonon subsystem interact with the optic-
al cavity is currently missing for purely dielectric cavities,
plasmonic cavities formed by nanostructures and for
HMMs, as well.

Arrangement of emitters in the field of an optical cav-
ity can modify the spontaneous emission rate leading to
the reduced lifetime and altered far-field emission pat-
tern'®". Two regimes of emitter-optical cavity interac-
tions are known: (i) weak-coupling'*!~'** and (ii) strong-
coupling regime!>*-1*°. Strong coupling, unlike the weak-
coupling regime, relies on the back action between the
emitter and metamaterial to create coherent states
between light and matter. In the weak coupling regime
considered in the previous sections, only a small perturb-
ation of the band takes place. In the strong coupling re-
gime, both emission and absorption lines produce ex-
treme distortions of the plasmonic band due to Rabi
splitting and a parity-time (PT) symmetry broken phase
with generation of exceptional points at the loss-gain
compensation frequencies'¥'*. It is important to point
out that in the strong coupling regime the photonic and
excitonic components of the system cannot be treated as
separate entities, as they form new polaritonic eigen-
states (exciton-polaritons) having both light and matter
characteristics.

To commit optical pumping and light-injection into
hyperbolic modes the dye-molecules energy levels should
match BPP bands. HMMs have distinct plasmonic
bands, the lower ones providing the propagation of ex-
tremely high momentum waves and the upper ones ly-
ing partially inside the light cone. The absorption line of
the dye should fall within the upper bands inside the
light cone, while the emission line should reside in the
lower bands. This particular arrangement allows for light
emission into the hyperbolic modes, benefiting simultan-
eously from both strong field enhancement and large
wavevectors. To describe weak and strong coupling scen-
arios in active HMMs, we will follow in the following
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Fig. 9 | Active HMM structure: (a) dye molecules mixed in PMMA located on top of HMM; (b) dye molecules arranged in dielectric layers of

HMM; (c) energy diagram of a four-level dye molecule, with an absorption (blue) and emission line (red). Figure reproduced with permission from:

(a) ref.™¢, American Physical Society; (b) ref.'“°, American Chemical Society.

210031-18



Opto-Electron Adv 4, 210031 (2021)

https://doi.org/10.29026/0ea.2021.210031

discussion an analytical approach developed in an art-
icle!®. A simplified analysis of active HMMs considers
coupling with only one excitonic line (either the emis-
sion or absorption line). In this case a semi-classical
model for this system can be found from the Maxwell-
Bloch equations. The result can be written in the form of
the coupled oscillator equations for the modal field amp-
litude E and the polarization of the respective transition P:

at( Pio ) N iQ+( PiO)

-0, A, E
- ( iK, —i0p ) ( P/e, ) ®

where Qp, and Q) are the complex frequencies of the se-
lected optical mode and the excitonic transition (absorp-
tion or emission), whose negative imaginary parts are the
modal damping rate yy, and the linewidth of the trans-
ition (y, or y.), respectively. The off-diagonal coupling
terms are determined as A, = Q172 and Ky, = o012/,
introducing the spatial overlap factor I' of the plasmonic
mode with the dielectric medium, and the cross-section
012 of the excitonic transition under consideration.

Solving for the eigenfrequencies Q. of the coupled sys-
tem (8) defines the mode splitting within the semi-clas-
sical coupling model for two oscillators:

1 1
0, = 3 (On + Q) ii \/4K12Am +(Qn — _le)z, 9)

It is important to note that, with all other parameters
determined, the only remaining parameters to fit are the
frequency of the selected optical mode Qp,, and its spa-
tial overlap factor I" with the gain layers. Both paramet-
ers depend only on properties of the passive structure
and are independent of the dye characteristics. The
cross-section o1 is related to the population levels via

o :—#—E(N —N) (10)

12 3ﬁ 2 1/

where 5 is the dipole matrix element, N; and N, are the
density of atoms in the ground and excited states, re-
spectively. For absorption transitions (where N, < N),
Eq. (9) describes the usual transition from weak coup-
ling to strong coupling, manifesting itself as vacuum
Rabi splitting within the semi-classical framework. As
the cross-section becomes negative for emission pro-
cesses (N, > Ny), the term 4K A, in the discriminant of
Eq. (9) becomes negative, as well. For sufficiently large
coupling, the sign flips, and the emission line produces a
splitting behavior similar to the fork observed in PT -
symmetry breaking scenarios. In the complete case of

four-level dyes, coupling occurs simultaneously to both
emission and absorption lines. Each line provides its own
polarization that interacts with the amplitude of the op-
tical mode. This results in a modified coupling model.

It is possible to distinguish two considered regimes (a
weak coupling regime characterized by small distortions
of the dispersion, and a strong coupling regime leading
to Rabi splitting of modes) in light reflectance from a
HMM sample. Note the weak or strong coupling re-
gimes can be realized through the dye molecules - HMM
modes overlapping factor I'. Figure 10(a) shows the re-
flectance map of a finite structure presented at Fig. 9(b)
formed by 10-unit cells (a single unit cell is marked by
the orange dashed lines in the figure) via transfer-matrix
calculations, with each reflectance maximum indicating a
discrete plasmonic mode. For a small value of coupling a
slight perturbation and smearing of the optical modes is
observed around w, = 0.313w, (an indication of a weak
coupling regime) when compared with the passive case.

The dispersion is qualitatively changed in the strong
coupling regime (Fig. 10(b)). In this case anti-crossings
appear, and a gap opens in the reflectance map. This ef-
fect is particularly visible for the discrete system of
modes in finite structures. In the figure, two such modes
obtained with the use of the semiclassical model Eq. (9)
are marked with the green and magenta curves. From
Fig. 10(b) it is obvious that close to the crossing point of
the optical mode and the excitonic line (wy, = w,) the
first term in the square root of Eq. (9) dominates. In the
strong coupling regime the resonance linewidth of the
optical mode and the exciton are smaller than the expec-
ted splitting, the square root becomes real and a gap
opens. The width of this gap is the Rabi splitting energy
AQra = V2K,A,, equals about 0.02%w,. Figure 10(c)
shows the dispersion of the polaritons calculated with
use of Eq. (9) (green curves) using parameters of the ex-
citonic line (blue dashed curve) and the unperturbed op-
tical mode (black dashed curve). Away from the crossing,
the polaritons simply follow the two components, with
one polariton being dominantly plasmonic (polariton 1)
while the other is dominantly excitonic (polariton 2) for
small wavevector k, (and vice versa for large k). At the
crossing point the gap opens, and the two polaritons
form a mixed state between the excitonic and plasmonic
modes.

The full system presented by four-level dye molecules
embedded in the dielectric medium of multilayer HMMs
with impact of coupling on both absorption and
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Fig. 10 | FDTD simulations and analytical calculations of emitter-HMM coupling in light reflectance: (a) reflectance with an absorption line
in the weak coupling regime, (b) strong coupling regime for the finite structure of HMM Fig. 9(b) (logarithmic scale), (c) real and imaginary parts
of the complex eigenfrequencies Q. obtained with the model (green curves) in the strong coupling regime. The green and magenta curves are
obtained via semi-classical model for two different modes (Eq. (9)). The blue dashed curve is the excitonic absorption line and black dashed
curve is the unperturbed optical mode. The two polaritons resulting from the coupling of the optical mode with the excitonic line are identified by

numbers 1 and 2 (Q- and Q., respectively). Figure reproduced with permission from ref.'*°, American Chemical Society.

emission was further studied in paper'®. It was shown
that introduction of gain in HMMs provides a tool for
loss-compensation and opens a convenient route facilit-
ating injection of light into hyperbolic modes. At the
loss-gain compensation conditions both emission and
absorption lines produce extreme distortions of the plas-
monic band due to Rabi splitting and a PT-symmetry
broken phase with generation of exceptional points. The
presence of exceptional points has significant implica-
tions on the group index (along z direction) n,, Figure
11(a, b,c) show zoom-ins on two exceptional points,
providing evidence that ng, diverges, which is a signa-
ture of the existence of exceptional points, connecting
with recent results'*”1,

Recent studies show that the equal-frequency surface
model suffers to describe the topology of entire bands for
continuous HMMs. Better description can be found with

use of a non-Hermitian Hamiltonian formed from Max-
well’s equations. Successful implementation of this ap-
proach helped to find two types of three-dimensional
non-Hermitian triply degenerate points with complex
linear dispersions and topological charges +2 and 0 in-
duced by chiral and gyromagnetic effects, paving the way
for exploring topological phases in photonic continua
and device implementations of topological HMMs!*.
The effect of strong coupling on laser emission genera-
tion was further studied in many details, including ef-
fects of exceptional points and search for lowering down
lasing threshold as well as narrowing corresponding ra-
diation linewidth'®.

Only few experimental works are known in this field.
The first observation of strong coupling of emitters with
HMM was reported by Indukuri et al'®. A monolayer of
quantum dots was arranged on top of HMM formed by
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Fig. 11 | Exceptional points (EP) in the system formed by four-level dye molecules embedded in the dielectric medium of multilayer
HMMs: (a) group index in z direction ng . of the dye infiltrated multilayer, (b) zoom on EP1, (c) zoom on EP3. Orange curves correspond to the
band edges at the Brillouin zone center k;D = 0, magenta curves correspond to the band edges at the Brillouin zone edge kD = 11, and cyan
curves correspond to the gain-loss compensation line where Im(cos(k;D)) = 0. Figure reproduced with permission from: ref.'4°, American Chemic-
al Society.
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Ag nanowires, Fig. 12(a), with a number of CdSe QDs
per HMM unit cell equals about 350. Figure 12(b) shows
photoluminescence spectra of the CdSe QD monolayer
for various polymer spacer layer thickness h. Splitting of
the photoluminescence peaks are clearly seen at small h
values only. This splitting corresponds to coupling en-
ergy of about 120 meV and fits theoretical expectations.
For large h, these peaks disappear due to reduced coup-
ling of QDs to HMM modes. Note the ambiguities in the
strong coupling evidence interpretation'*’. The demon-
strated splitting in photoluminescence spectrum was not
verified in scattering and can be related to excitation of
dark modes of HMMs leading to a dip in the QDs photo-
luminescence, rather than associated with a strong coup-
ling regime.

Stimulated emission of surface plasmons on top of
metamaterials with hyperbolic dispersion as well as
losses compensation were realized in a number of works.
The very first experimental verification of stimulated
emission of surface plasmons propagating on top of met-
al-dielectric multilayered HMMs coated with optically
pumped dye-doped polymer for the wavelengths around
860 nm, as well as loss compensation was reported in
ref.5!. The HMMs were composed of Ag/MgF, alternat-
ing layers. In the realized experimental conditions, the
stimulated emission of propagating plasmons on top of
the metamaterial was enhanced by the nonlocal dielec-
tric environment and high local PDOS.

The loss compensation and lasing action in metama-
terials based on gold nanorod arrays coated with thin
films of PVA embedded with R101 dye was demon-
strated'®. Depending on the chosen parameters (metal
fill ratio), the sample under study can exhibit hyperbolic

CdSe QD monolayer

+ Coupled QD
emission

https://doi.org/10.29026/0ea.2021.210031

or elliptic dispersion. With both types of metamaterials,
a lasing action was demonstrated with the emission line
width as narrow as 6 nm when the samples were pumped
above respective thresholds compared to more than 60
nm wide pristine spectrum of dye molecules.

The first successful attempt to demonstrate the integ-
ration of the HMM with random laser systems for en-
hancing stimulated emission and reducing lasing
threshold was reported in ref.””. The sample design in-
cluded ZnO nanoparticles as the active material ar-
ranged in a random order on top of HMM samples. The
two kinds of Ag/MoO; multilayers with hyperbolic and
elliptic dispersion, respectively, were fabricated. The first
HMM sample exhibiting hyperbolic dispersion con-
tained 6 pairs of Ag (22 nm) and MoO3 (10 nm) layers
with the Ag fill-fraction of 68.75%. As for the second
sample with elliptic dispersion, the structure was com-
posed of Ag (12 nm) and MoOs3 (20 nm) layers with the
Ag fill-fraction of 37.5%. The random laser action was
realized with ZnO nanoparticles on 8 nm thick MoO3
deposited as a capping spacer layer to prevent unwanted
oxidation and quenching of the emission from ZnO nan-
oparticles. The first HMM structure showed about 20%
reduction of lasing threshold and about 6 times higher
emission intensity. The rough interface between ZnO
nanoparticles and the HMM assisted the out-coupling of
the high-k modes to the far-field rather than letting the
emitted light get trapped inside the multilayer structure.
The Purcell factor for the HMM sample at the
wavelength of 395 nm, which corresponds to the spon-
taneous emission of ZnO nanoparticles, is larger than
that of the second sample with elliptic dispersion. Fur-
thermore, deep-UV LED on a HMM system was

PL intensity

/1800 1900 2000 2100 2200 2300 2400 2500

Energy (meV)

Fig. 12 | Coherent interaction between HMM and multiple emitters leading to strong coupling: (a) schematic diagram of HMM with QDs on

top of the polymer spacer, (b) PL measurement on QD monolayer. The magnitude of the splitting of the various PL peaks are indicated by the

quantity AEexp. Figure reproduced with permission from ref.'®, The Royal Society of Chemistry.
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realized””. The LED was made with three pairs of AIGaN
MQWSs with a 318-nm emission wavelength and a 15-nm
thick AlGaN cap layer grown on sapphire. The HMM
consisted of four pairs of Al (20 nm) and MgF, (20 nm)
layers deposited on the LED surface. A 160-fold increase
in the radiative emission rate and a 3.5-fold increase in
the quantum efficiency were achieved. Moreover, the
capability of metacavity in tailoring the direction of light
emission led to a 520% increase in total emission intens-
ity and 148% increase in emission extraction.

In recent paper'®?, deep-ultraviolet lasing at room tem-
perature using a hyperbolic meta-cavity and multiple
quantum-well sample was demonstrated. The meta-cav-
ity was formed by nanoscale HMM cubes with four pairs
of Al and MgF, alternating layers with 20 nm thickness
each, dimensions of 200 x 200 nm? and a spacing
between cubes of 200 nm. The plasmon resonance mode
merges within the cube and provides a resonant radi-
ation feedback to the multiple quantum-well as active
medium. The latter consists of AlGaN semiconductor
with a wide bandgap (3.4-6.2 eV) in the UV range. The
HMM high-k modes allow the dipoles with various ori-
entations to contribute to radiative emission, achieving
enhancement of spontaneous emission rate by a factor of
33 and quantum efficiency by a factor of 2.5. With
pumping above a threshold, the sample shows a clear
narrowing of emission line spectral width down to 0.8
nm at 289 nm emission wavelength.

This young direction of research is still in a rapid de-
velopment. A number of successful results has been
shown, however more research is anticipated in theory as
well as in experiment. Deeper understanding the effect of
light matter strong coupling for the case of HMMs cavit-
ies is of high demand, including the Raman scattering as
well as statistics of corresponding emission'®>. Recent
studies with other types of cavities show possibility of vi-
brational strong coupling in Raman scattering'*’. Get-
ting any type of statistics of emitted photons'*® suggests
new areas for HMMs applications.

Conclusion

In this review, we have provided an overview of current
progress in photoluminescence control on various types
of HMMs and metasurfaces. Highly localized electric
fields of high-k bulk plasmon polaritons enable large op-
tical density of states and extreme anisotropy. The band-
width of the hyperbolic region where high-k modes are
supported is extremely broad for HMM, spreading from

https://doi.org/10.29026/0ea.2021.210031

certain cut-off wavelength and beyond in contrast with
Mie-resonance based dielectric nanostructures and
metallic nanostructures whose resonance bandwidth is
narrower. By the combination of constituent materials
and structural parameters, HMMs can be designed to
control PL in terms of enhancement, emission directiv-
ity, and statistics (single-photon emission, classical light,
lasing) at any desired wavelength range in visible and
near-infrared wavelength regions. Major building blocks
of HMMs are metal-dielectric multilayer and metal
nanowire structures that give two different types of hy-
perbolic region. Apart from these, more advanced struc-
tures with grating out-coupler embedded in HMM and
cavity structures made out of HMM have been de-
veloped. While fabrication of HMM structures for vis-
ible to near-infrared wavelengths have been well-estab-
lished, the control of light emission by HMMs can also
be extended for other wavelength regime since HMM
can be tailored for such longer wavelength region as
mid-infrared wavelengths'>>>100.1_ Moreover, 2D materi-
als with hyperbolic dispersion for certain mid-infrared
wavelengths are also shown to support directional high-k
surface waves, including patterned hexagonal boron ni-
tride (h-BN)'¥, a-molybdenum trioxide (a-MoQj3)!¢%1%,
Moreover, recently numerous natural hyperbolic materi-
als have been proposed®* and discovered!’*!”!. Espe-
cially, some of these natural materials exhibit hyperbolic
dispersion from ultraviolet to near-infrared wavelengths
where demand for PL control is enormous. Although
their hyperbolic regions are fixed to certain bandwidth
defined by materials, they do not require advanced nan-
ofabrication technology and therefore such natural ma-
terial facilitate the exploitation of hyperbolic dispersion.
In this regards, two potential direction can be envisaged:
exploration and characterization of such new natural hy-
perbolic materials and the demonstration of PL enhance-
ment and control, as well as their applications. We be-
lieve that HMM-based systems can serve as a robust plat-
form for PL controls in vast wavelengths regions, thus
leading to numerous applications, from light sources to
bioimaging and sensing. Note another important field of
active HMMs application in the on-chip quantum tech-
nologies which is currently underway'”2.
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