
Research Article Vol. 29, No. 14 / 5 July 2021 / Optics Express 21458

Angular selection of transmitted light and
enhanced spontaneous emission in
grating-coupled hyperbolic metamaterials

DASOL LEE,1,4 MINKYUNG KIM,1,4 JONGMIN LEE,2 BYOUNGSU
KO,1 HUI JOON PARK,2,5 AND JUNSUK RHO1,3,6

1Department of Mechanical Engineering, Pohang University of Science and Technology (POSTECH),
Pohang 37673, Republic of Korea
2Department of Organic and Nano Engineering, Hanyang University, Seoul 04763, Republic of Korea
3Department of Chemical Engineering, Pohang University of Science and Technology (POSTECH), Pohang
37673, Republic of Korea
4These authors contributed equally to this work
5huijoon@hanyang.ac.kr
6jsrho@postech.ac.kr

Abstract: We propose dielectric grating-coupled hyperbolic metamaterials as a functional
device that shows angular selection of transmitted light and enhanced radiative emission rate.
We numerically demonstrate that the surface plasmon polaritons in the hyperbolic metamaterials
can be effectively outcoupled to the surrounding space by using gratings and facilitate control of
the light transmission in the visible frequency. We confirm that the high density of states and the
effect of outcoupled plasmonic modes of the proposed structure lead to the increase of Purcell
factor and radiative emission. This work will provide multifunctionalities in sensing and imaging
systems that use hyperbolic metamaterials.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Hyperbolic metamaterials (HMMs) [1,2] composed of alternating subwavelength layers of metal
and dielectric or arrays of nanorods of metal and dielectric have shown numerous applications
[3–11]. These HMMs exhibit uniaxial anisotropy with unique optical characteristics due to
their hyperbolic dispersion relation characterized by an effective permittivity tensor in which
the real parts of the diagonal components have opposite signs. In the hyperbolic region, HMMs
support large propagating wavevectors that can be coupled to surface plasmon polaritons (SPPs),
which foster various applications such as subwavelength imaging [12–20], focusing [21–29], and
spontaneous emission enhancement [30–40].

Enhancement in spontaneous emission is an important property of HMMs for applications to
single-photon sources, biosensing, and imaging. HMMs that support large wavevectors result in
a huge local density of states (DOS). Various studies of metasurfaces, microcavity, and photonic
crystals have shown spontaneous emission increase using the cavity Purcell effect [41–47].
However, those attempts of microcavity and photonic crystals are limited to narrowband spectral
operation due to their resonance properties. In contrast, multilayered HMMs typically have
hyperbolic dispersion in a broad range of the visible spectrum and thus can substantially broaden
the bandwidth of the spontaneous emission enhancement. Introduction of nanopatterns to HMMs
further increases the Purcell factor and radiative emission to the far-field by overwhelming the
non-radiative properties of plasmonic modes in HMMs [40,48–55].

Nanopatterned structures can also facilitate selective control of SPPs in HMMs or plasmonic
structures. The SPPs generated near the HMMs or plasmonic structures under transverse magnetic
(TM)-polarized light are evanescent and cannot be transferred to the far-field unless a coupling
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mechanism is used. Grating structures can selectively transmit propagating SPPs by diffraction,
which can give angular selection in response to the incident angle [56–58].

We present grating-coupled hyperbolic metamaterials (GCHMM) composed of one-dimensional
dielectric gratings on multilayered HMM. In general, HMMs that do not have an outcoupling
principle can increase emission rate of emitters, but the increase remains localized to the substrate
and is impractical. Thus, to use this enhanced emission practically, functional devices must be
developed. We numerically demonstrate that the grating structure on HMMs can selectively
transmit the SPPs, which can be used to excite emitters. Simultaneously, large DOS from the
GCHMM can increase Purcell factor and radiative emission over a broad range of wavelength.
The proposed GCHMM will be advantageous in realizing compact and ultra-sensitive imaging
and sensing devices that can simplify the optical setup without excitation filters.

2. Results and discussion

2.1. Design of GCHMM

A GCHMM is composed of four pairs of silver (Ag) and silicon dioxide (SiO2) coupled with
one-dimensional dielectric gratings on a glass substrate (Fig. 1(a)). The layer thicknesses
are tm (td) for Ag (SiO2), and both are set as 10 nm. The filling ratio of Ag is defined as
fratio = tm/(tm + td), thus fratio = 0.5; this choice optimizes angular selective transmittance in
the visible region. Dielectric gratings that have period p = 500 nm, width w = 250 nm, and
thickness tg = 100 nm are placed on the HMM. TM-polarized light illuminates the GCHMM
with an incident angle of θ (Fig. 1(a), inset).

Fig. 1. (a) Schematic of a GCHMM. On a multilayer HMM composed of four pairs of silver
(Ag) and silicon dioxide (SiO2), a one-dimensional dielectric grating structure is placed.
Both thicknesses of Ag (tm) and SiO2 (td) are 10 nm. Dielectric gratings have period p = 500
nm and thickness tg = 100 nm. (b) Real and (c) imaginary parts of the effective permittivities
along the axis perpendicular and parallel to the anisotropy axis. (d) Theoretical (white dots)
and numerically calculated (color map) hyperbolic isofrequency contour at 600 nm.
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The effective permittivity tensor of the proposed Ag/SiO2 HMM multilayer can be calculated
using effective media theory as [59]

εeff =

⎛⎜⎜⎜⎜⎝
ε⊥ 0 0

0 ε⊥ 0

0 0 ε∥

⎞⎟⎟⎟⎟⎠
, (1)

where the subscript ⊥ and ∥ correspond respectively to direction perpendicular and parallel to the
anisotropy axis. Each effective permittivity tensor is defined as ε⊥= εmtm+εdtd

tm+td and ε−1
∥
=

ε−1
m tm+ε−1

d td
tm+td ,

where εm and εd indicate permittivity of Ag and SiO2, respectively, which are obtained from the
literatures [60,61]. In the whole visible regime, ε⊥>0 and ε∥<0, so type II hyperbolic dispersion
occurs (Figs. 1(b) and 1(c)).

The isofrequency contour (IFC) of the TM mode propagating in the anisotropic medium can
be described as [1,2]

k2
x
ε∥
+

k2
z

ε⊥
=
ω2

c2 . (2)

Especially when the real parts of the permittivities of the HMMs have opposite sign, IFC shows
a hyperbolic shape. The Ag and SiO2 multilayer supports a hyperbolic dispersion (Fig. 1(d),
white dots). In such a medium, a dipole that is oriented along the anisotropic axis generates the
following electric field distribution along the anisotropic axis [62],
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eikre
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e
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where re =
√︂
ε∥(x2 + y2) + ε⊥z2, k is the wave number, and p0 is a dipole moment. A Fourier

transformed image of Ez also agrees well with the hyperbolic IFC (Fig. 1(d), color map).

2.2. Angular selection of transmitted light in GCHMM

If the momentum of an angled incidence matches that of SPPs, the incident light excites SPPs.
They are localized and decay exponentially away from the surfaces in a planar interface, but
become radiative by the coupled dielectric gratings. To investigate the relationship between
θ and wavelength λ, we perform two-dimensional numerical simulations in the x-z plane by
using the finite-element method (FEM) COMSOL Multiphysics commercial software. We apply
bloch boundary condition along the x-axis, and add perfectly matched layers along the z-axis.
Diffraction orders of -1, 0, and 1 are included.

Transmittance has spectrally narrow characteristics in which the wavelength λmax of the highest
transmittance depends on θ under TM-polarized light (Fig. 2(a)). This angular selection of
transmitted light is observed in the whole visible range (Fig. 2(b)). The transmitted spectra at
θ = 55◦, 61◦ and 68◦ have λmax at red, green, and blue in the visible region, respectively. The
spectrum of the transmitted light provides the angular selection to separate the wavelength regime
by simple control of θ without additional optical components such as a bandpass filter. Strong
field enhancement appears only when the momentum of incident light matches the momentum
of SPPs (Fig. 2(b), inset). The highly focused field can be observed near HMM surface and
coupled with gratings, and becomes radiative light (Fig. 2(b), inset (i)). In contrast, light that
is not injected in the resonance angle cannot be coupled and radiative out of HMM (Fig. 2(b),
inset (ii)). The kinks in Fig. 2(a) are Rayleigh anomalies that can be observed in grating at the
transition between propagating and evanescent modes [63].

For a fixed schematic, the parameters that affect the transmission efficiency are tg, tm and td
(see Appendix A, Figs. 6–8). To optimize the structure, we defined the figure of merit (FOM) as
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Fig. 2. (a) Color map of transmittance according to wavelength and incident angle. (b)
Selected spectra at specific incident angles of 55◦ (red), 61◦ (green) and 68◦ (blue); insets:
electric field distributions in cross-sectional plane at λ = 610 nm with θ (i) at resonance
angle, and (ii) off resonance angle. (c, d) Schematic of ambient and hyperbolic medium
assuming the multilayer as (c) an effective hyperbolic medium or (d) a realistic multilayer
structure as it is. (e) Dispersion relations of SPPs between air and the HMM obtained by the
effective medium approximation (blue dashed) and exact method (blue solid). Dispersion
of SPPs between air and Ag is shown as a reference (red line). (f) Dispersion of SPPs
without dielectric gratings (blue curve) and with dielectric gratings (red curve) that lead to
momentum matching. Light lines are indicated as black.

the highest transmittance at the wavelengths of 488 and 532 nm. The FOMs are calculated by
normalizing the transmittance of a given structure by transmittance at tg = 100 nm and tm = td =
10 nm (see Appendix B, Fig. 9). The result shows that the current structure has the highest FOM,
which directly leads to strong outcoupling efficiency with SPPs in HMM.

To understand how the large wavevector component is delivered to the far-field, we examine
SPPs at the interface of a HMM and air while excluding gratings. The dispersion relation of
SPPs can be obtained by either assuming the multilayer as an effective hyperbolic medium
(Fig. 2(c)) or by directly calculating coupled modes of SPPs in each interface (Fig. 2(d)). Firstly,
propagation constant β of SPPs between air (εair = 1) and the effective HMM can be obtained by
generalizing analytical calculation of SPPs at an interface of two isotropic media [64] to that of
an isotropic and anisotropic media (Fig. 2(c)). Without loss of generality, we can set the x-axis as
the propagation direction of SPP. Then the electric field can be expressed as E(x, y, z) = E(z)eiβx.
Under the non-magnetic assumption (µr = 1), the electromagnetic fields of TM modes at each
medium satisfy

∂Ex

∂z
− iβEz = iωµ0Hy,

∂Hy

∂z
= iωε0εxEx,

iβHy = −iωε0εzEz,

(4)

where ε0 is the permittivity of free space. The wave equation in terms of magnetic field is

1
εx

∂2Hy

∂z2 + (k
2
0 −

1
εz
β2)Hy = 0, (5)
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where k0 is the free space wave number. Electromagnetic fields at each side of medium can be
expressed as

H1y = A1eiβxe−k1z,

E1x =
iA1k1
ωε0ε1

eiβxe−k1z,

E1z = −
A1β

ωε0ε1
eiβxe−k1z,

(6)

and
H2y = A2eiβxek2z,

E2x = −
iA2k2
ωε0ε⊥

eiβxek2z,

E2z = −
A2β

ωε0ε∥
eiβxek2z,

(7)

where the numeric subscripts specify the medium (1 for air and 2 for HMM). Substituting Eq. (6)
and Eq. (7) to Eq. (5) yields

k2
1 = β

2 − k2
0ε1,

k2
2 =
ε⊥
ε∥
β2 − k2

0ε⊥. (8)

Imposing boundary conditions (continuity of Hy, Dx and Dz) and substitution of the results to
Eq. (8) gives the dispersion relation of SPPs as

β = k0

⌜⎷
ε1 − ε

2
1/ε⊥

1 − ε2
1/ε⊥ε∥

. (9)

When ε2 is a scalar (ε∥ = ε⊥ = ε2), the dispersion reduces to β = k0
√︁
ε1ε2/(ε1 + ε2) which

is consistent with the well-known dispersion of SPPs between two isotropic media that have
opposite signs of permittivity [64].

Coupled modes of SPPs of multilayer structures embedded by air and substrate can be calculated
numerically without effective medium approximation. In a microscopic view, each interface
between Ag and SiO2 supports SPPs. The thickness of each layer is much smaller than the
wavelength regime, so the decay lengths of SPPs are larger than the thickness of each layer, and
collective coupling of SPPs occurs. Here, we show derivation of dispersion of coupled SPPs.
Electromagnetic field components of the TM modes in j-th medium (j ∈ {1, 2, . . . , N + 2} where
N is the total number of layers, (Fig. 2(d))) can be described as

Hj
y = Cjeiβxekjz + Djeiβxe−kjz,

Ej
x = −iCj

kj

ωε0εj
eiβxekjz + iDj

kj

ωε0εj
eiβxe−kjz,

Ej
z = −Cj

β

ωε0εj
eiβxekjz − Dj

β

ωε0εj
eiβxe−kjz,

(10)

where εj is the permittivity of j-th medium and kj =
√︂
β2 − k2

0εj is the imaginary part of the
z-component of the wavevector in the j-th medium. Fields at the ambient medium and the
substrate should decay, so C1 = DN+2 = 0. Also, the field amplitude of the substrate can be set
as unity (CN+2 = 1). The dispersion relation of the coupled SPPs can be calculated numerically
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by solving sequential boundary conditions. The relationship between field amplitudes of j-th and
(j + 1)-th medium (j = 1, 2,. . . , N + 1) can be described as

Lj
⎛⎜⎝
Cj

Dj

⎞⎟⎠ = Mj
⎛⎜⎝
Cj+1

Dj+1

⎞⎟⎠ ,

Lj =
⎛⎜⎝

ekjzj e−kjzj

−
kj
εj

ekjzj kj
εj

e−kjzj

⎞⎟⎠ ,

Mj =
⎛⎜⎝

ekj+1zj e−kj+1zj

−
kj+1
εj+1

ekj+1zj kj+1
εj+1

e−kj+1zj

⎞⎟⎠ ,

(11)

where zj is the z-coordinate of interface between j-th and (j+1)-th medium. Then, field amplitudes
of the ambient medium and substrate are related as

⎛⎜⎝
C1

D1

⎞⎟⎠ = L−1
1 M1L−1

2 M2 · · · L−1
N+1MN+1

⎛⎜⎝
CN+2

DN+2

⎞⎟⎠ =
N+1∏︂
j=1

L−1
j Mj

⎛⎜⎝
CN+2

DN+2

⎞⎟⎠ . (12)

Now we have two equations and two unknown variables β and D1. Therefore, the dispersion
relation of the coupled SPPs is numerically solvable. Dispersion relations of SPPs between air
and the HMM composed of four pairs of Ag and SiO2 with 10 nm thickness are calculated by
two methods (Fig. 2(e), blue curves). SPPs between air and the HMM have higher propagation
constant compared to the dispersion of SPPs between air and Ag (Fig. 2(e), red curve).

SPPs have wavevector higher than that of light cone in whole visible frequency (Fig. 2(f),
blue curves), and this momentum mismatch hinders coupling of SPPs. However, the gratings
compensate for the phase mismatch by adding momentum along the x-axis for TM mode as

k0 sin θt + mG = β, (13)

where θt is a transmitted angle, m is a grating order, and G = 2π
p is the reciprocal vector of the

gratings. Now, dispersion of SPPs with m = ±1 falls within the light cone (Fig. 2(f), red curves).
The calculated diffraction efficiency proves that only the first-order light can be radiative. Thus,
adjusting θ of TM-polarized incidence enables angular selective transmission that has a specific
bandwidth in the entire visible regime with transmittance ∼0.6. Without gratings, light with the
incident angle does not transmit HMM, but mostly reflects. The zero transmission of the zero-th
diffraction is attributed to the absence of a real solution of θ that satisfies the phase matching.

2.3. Spontaneous emission enhancement on GCHMM

The angular selection of the transmitted light can be applied to excite emitters on the GCHMM.
Various commercial fluorescent beads or quantum dots can be selectively excited without
excitation filters, so this method is applicable to fluorescent imaging or sensing systems, in which
the emission of emitters is largely enhanced by the GCHMM (see Appendix D, Fig. 11). The
high wavevector component of the HMM opens a new emission channel, leading to increase in
the spontaneous emission rate. The HMM has type II hyperbolic dispersion in the whole visible
range (Figs. 1(b) and 1(c)), so the increased emission can be observed in a broad visible regime.
To examine how HMM alters the dipole emission, Purcell factor and radiative enhancement (RE)
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are considered as [40]
Purcell factor =

Ptotal
P0,total

, (14)

RE =
Prad

P0,total
, (15)

where P0,total = µ0ω
2p2

0/12πc is the total power emitted by the dipole in free space where µ0 is
the permeability of free space, ω is angular frequency, and c is speed of light. Ptotal is the total
power and Prad is the radiative power emitted by the dipole. Purcell factor quantifies increase in
the total emitted power from a dipole, and therefore includes dipole power that is absorbed due to
ohmic losses. Such non-radiative power cannot reach a detector in the far-field and thus is not
useful for applications. RE is a ratio of the radiative power of a dipole to the total emitted power
of a dipole in free space, and therefore evaluates enhancement in radiative power.

We perform a numerical simulation to investigate the behaviors of emitters near the GCHMM.
We use three-dimensional simulations to calculate Purcell factors near a bare substrate, a
HMM multilayer, and a GCHMM. In each simulation, we set a point dipole source on a
corresponding substrate in a domain that has size of 5λ × 5λ × 5λ, and applied perfectly-matched
layers to all boundaries. We calculate Ptotal by integrating all powers at boundaries of a small
(5 nm × 5 nm × 5 nm) box that encloses the dipole source, then use Eq. (14) to obtain the Purcell
factor of a dipole placed above 10 nm from the surfaces with polarizations along the x-, y-, and
z-directions. We place a dipole at a distance of 10 nm above the surfaces and center between the
gratings. Compared to the glass substrate as a reference (Fig. 3(a)), a HMM multilayer (Fig. 3(b))
and a GCHMM (Fig. 3(c)) both clearly show broadband Purcell enhancement of the same order.
Despite the anisotropic geometry of the 1D gratings, the Purcell factors of the x- and y-polarized
dipoles are barely distinguishable (Fig. 3(c)). It is because the dipole is placed closely to the
multilayer and the radiative emission characteristic of a dipole is affected largely to its closest
environment. A difference between the Purcell factors of the x and y polarizations is shown in a
2D spatial map in Appendix E (Fig. 12).

Fig. 3. Simulation results of Purcell factor. (a)-(c) Purcell factors above 10 nm from (a)
bare glass, (b) HMM multilayer, and (c) GCHMM. (d)-(f) Cross-sectional color maps of
Purcell factor on (d) bare glass, (e) HMM multilayer, and (f) GCHMM at the wavelength of
610 nm. A GCHMM shows similar trend of Purcell factor as in the uniform HMM multilayer
but much higher than on a bare glass substrate.
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We also calculate cross-sectional mappings at λ = 610 nm of Purcell factor for dipole emitters
placed at different surfaces (Figs. 3(d)–3(f)). The Purcell factor decays exponentially with
increasing distance from the multilayer along the z-axis (Fig. 3(e)). Even a GCHMM follows the
trend along the z-axis, and this trend leads to small differences in the Purcell factor in the x-y
plane due to the gratings (Fig. 3(f)). The GCHMM shows a similar increase in Purcell factor in
the x-y plane from the gratings. However, near gratings that have weak Purcell factor, a different
trend occurs because of the distance between emitter and HMMs.

The coupled gratings lead to the outcoupling effect, so the radiative property of emitters is
better on the GCHMM than on the bare glass and HMM multilayer (Figs. 4(a)–4(c)). In the
GCHMM case, RE of a dipole at central position between periodic gratings is considered. RE is
simulated similarly to the Purcell factor except that Prad is obtained by integrating powers in a
box that contains all of the structures. The size of the box is 0.9 × 0.9 × 0.9 of the whole domain
size excluding the perfectly matched layers. RE of a dipole on a bare glass substrate has the same
order as Purcell factor (Fig. 4(a)). This result is attributed to negligible optical losses of glass
in the visible range. In contrast, RE near a HMM multilayer or a GCHMM have lower values
than Purcell factors, as a result of the high ohmic losses of the multilayers, but the trends are
similar (Figs. 4(b) and 4(c)). In particular, RE at short λ ∼400 nm is strongly suppressed by the
large imaginary parts of the effective permittivity (Fig. 1(c)). Still, the RE is much higher than
that on a bare glass. A difference between the RE of the x and y polarizations can be found in
Appendix E (Fig. 12).

Fig. 4. Simulation results of RE. (a)-(c) RE above 10 nm from (a) bare glass, (b) HMM
multilayer, and (c) GCHMM. (d)-(f) Cross-sectional color maps of RE on (d) bare glass,
(e) HMM multilayer, and (f) GCHMM at the wavelength of 610 nm. The GCHMM shows
higher RE along the HMM and gratings surface compared to HMM without gratings.

We also simulate cross-sectional mapping of the RE at λ = 610 nm for dipole emitters placed at
different surfaces (Figs. 4(d)–4(f)). While spatial variation of RE on the bare glass substrate and
HMMs are not significant, the GCHMM achieves strong RE along the surfaces of the gratings
and HMM due to their high DOS from the outcoupling effect. The RE is large over a wider spatial
range in a GCHMM than in planar multilayers; this trait is suitable for sensing and imaging
applications that use emitters. The simulated cross-sectional mapps of the Purcell factor and RE
at λ = 532 nm are described in Appendix C (Fig. 10).

For further investigation of Purcell factor and RE on the GCHMM, we simulate the Purcell
factor and RE along the z-axis at x-axis positions of 0, 80, 100 nm (Fig. 5(a)) at λ =610 nm. The
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Purcell factor decays exponentially with increase in distance from the surface along the z-axis,
regardless of the position of the x-axis (Fig. 5(b)). Similarly, the simulated RE value decreases as
the distance between the dipole and surface increases (Fig. 5(c)), but the decrease is less drastic
than in Purcell factor; this attribute is most noticeable near the gratings where the coupling effect
exists.

Fig. 5. (a) Schematic to mark the positions of dipoles. Simulated (b) Purcell factor and (c)
RE at the different x-axis positions of 0, 80, 110 nm at λ =610 nm. Simulated (d)-(f) Purcell
factors and (g)-(i) RE above the 10 nm from surface at positions I-IIIs, respectively.

We also examine Purcell and RE spectra at three different positions (Fig. 5(a), I, II, III) at
the center position between gratings, next to the gratings, and on the gratings 10 nm from the
surface. The Purcell factor of dipoles at positions of I and II do not differ from each other at each
polarization (Figs. 5(d)–5(f)), but the factor is very small at position III. The Purcell factor of a
dipole at position II is slightly increased for x-polarized dipoles due to the adjacent effect with
the gratings, but it is low for all polarizations due to the influence of the distance from the HMM
in the upper part of the gratings.

The trends in RE (Figs. 5(g)–5(i)) at the same positions resembled those of Purcell factor. The
GCHMM supports enhanced RE compared to the HMMs that do not have gratings. Especially,
higher RE can be observed close to the gratings within broad range of wavelength region. Due
to the coupling effect with gratings, even the surface above the gratings has higher RE than the
uniform HMM; this trait may help to increase the external quantum efficiency of emitters. Notably,
the coupling using gratings can selectively determine the wavelength range of the transmitted
light, and the emitter on the GCHMM can be effectively excited by selecting the appropriate
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incident angle. Optimization of the geometry of the nanopatterns may further increase Purcell
factor and RE, and yield applications in sensing and imaging that use fluorescence.

3. Conclusion

We have numerically demonstrated a GCHMM that simultaneously shows angular selection of
transmitted light and enhanced radiative spontaneous emission in the visible region. By using
one-dimensional diffraction gratings to outcouple the SPPs in the HMM, the light transmission
range can be controlled by selecting the incident angle. A high transmittance near 0.6 is achieved
in the visible region; this property is appropriate for use to selectively excite emitters. Numerical
simulation results show that emitters on the GCHMM increase Purcell factor and radiative
emission due to the high DOS of the GCHMM and the effect of outcoupling of plasmonic modes
by gratings. We believe that engineering the DOS of HMMs exploiting the outcoupling principle
will find wide applications in fluorescence imaging and sensing, spectroscopy, and light-emitting
devices.

Appendix A: parametric studies on transmittance spectra of GCHMM

Fig. 6. Color map of transmittance according to wavelength and incident angle θ with various
filling ratio (fratio). tm and td are the thickness of metal and dielectric layer, respectively.

Fig. 7. Color map of transmittance according to wavelength and θ with different thickness
of gratings (tg).
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Fig. 8. Color map of transmittance according to wavelength and θ with the different number
of metal-dielectric layers.

Appendix B: the figure of merit to optimize the parameters of GCHMM

Fig. 9. The figure of merit (FOM) calculated by normalizing the transmittance of a given
structure by transmittance at tg = 100 nm and tm = td = 10 nm. (a) FOM according to
different tg when tm = td are fixed to 10 nm. (b) FOM according to different layer thickness
when tg are fixed to 100 nm.

Appendix C: simulated Purcell factor and RE at λ = 532 nm

Fig. 10. Simulation results of (a) Purcell factor and (b) radiative enhancement (RE) at λ =
532 nm above 10 nm from bare glass, HMM multilayer, and GCHMM.
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Appendix D: feasible application scheme for imaging and sensing

Fig. 11. (a) Feasible optical setup for imaging and sensing that use GCHMM with index
matching medium. Target fluorescent sample can be placed on GCHMM. Desired wavelength
of light can be selectively illuminated to target samples by adjusting θ, and the emitted
signal from emitters can be captured to the detector. Here, LP: linear polarizer, M: Mirror,
Obj: objective lens, F: emission filter, TL: Tube lens. (b)-(c) Practical applications using
commercial fluorescent dyes. Here, we select and focus on two specific θ that fit the excitation
wavelengths of emitters. (b) An example of use with commercial yellow-green fluorescent
dye (Polysciences, Inc., 17156-2). The excitation (Ex), emission (Em) wavelengths and
selected transmittance (T) by θ are represented as blue-, green-colored region and black line,
respectively. The coincidence of maximum excitation peak near 490 nm (dashed red line) and
resonance of transmitted light become target for efficient excitation condition. At the angle of
68.3 ◦, the maximum of transmitted light is at 488 nm which can expect high emission from
fluorescence dye. (c) Another example of red fluorescent dye (Polysciences, Inc., 19111-2).
The excitation, emission wavelengths and selected transmittance are represented as green-,
red-colored region and black line, respectively. At the angle of 62.6 ◦, the resonance of
transmitted light is coincided to the maximum excitation wavelength of the fluorescence
beads near 532 nm. The dashed blue lines in each graph [Figs. 11(b) and 11(c)] represent
the emission peaks (532 nm and 610 nm) which are used in the manuscript for simulation.

Appendix E: differences in Purcell factors and RE of x and y polarizations

Fig. 12. 2D spatial maps of (a) a difference between the Purcell factors of the x and y
polarizations and (b) a difference between the RE of the x and y polarizations.
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