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ABSTRACT

The combination of metasurface with optical emitters provides a unique opportunity to control the emission. The metasurface effect
strongly depends on the spectral overlap between the internal electronic transitions of the emitter and the optical resonances of the metasur-
face. Elaborate design of the metasurface could realize the resonances at both absorption and emission wavelengths of the emitter, but it
usually leads to complexity in fabrication. In this work, we propose a very simple strategy to obtain the resonances at both wavelengths by
sandwiching the emitter layer with a pair of metasurfaces designed for absorption and emission, respectively. For this purpose, we use a
sticker of Al metasurface, which is the array of Al nanoparticles embedded in a flexible polymer film that can be stuck on any clean surfaces.
The metasurface stack is prepared by simply placing the sticker, resonating at the emission wavelength, on the emitter layer deposited on
the TiO, metasurface resonating at the absorption wavelength. The overall enhancement achieved for the stack of the metasurfaces can be
understood roughly as the multiplication of contributions from the respective metasurfaces. Employing a sticker provides an easy-to-make

way of constructing a stack of metasurfaces, which increases the degree of freedom in designing the metasurface-coupled emitters.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0047352

I. INTRODUCTION

Metallic and/or dielectric nanoparticles are regarded as
optical nanoantenna that can receive/radiate light at the
nanoscale.' ™ The effect of nanoantenna on the optical emitter is
a well-studied topic in nano-optics.”*”® Nanoantenna can influ-
ence both on the absorption and emission wavelengths: For the
absorption, the effect of antenna to increase the absorption of the
emitter is known as pump enhancement.” At the emission, two
effects, quantum yield modification through modification of local
density of optical state, known as the Purcell effect,”” and scatter-
ing of the emission out from the structure, known as outcou-
pling,” could contribute to the overall emission properties. For
nanoantennas with a broad resonance and/or for emitters with a
small Stokes shift, both the absorption and emission wavelengths
can be covered by a single nanoantenna.”'’ Using anisotropic
nanoantennas, the simplest example of which is nanorods, is a
sensible way of obtaining the double resonance.'"'” In such
antennas, resonances along the short and long axes can be con-
trolled independently, allowing for the modulation of both
absorption and emission processes of the emitter. However, half

of the emitter is uncoupled to the resonance given the random
orientation of the emitter.

The use of periodic arrays of nanoparticles, i.e., metasurfaces,
increases the degree of freedom in designing the resonances, where
the in-plane diffraction provides another channel of resonance in
addition to the localized mode at each nanoparticle."”*" In such
arrays, detuning of the localized resonance with the diffraction
allows for tuning the localized mode to the absorption and the
lattice mode to the emission wavelength to cover both wavelengths
by a single metasurface.”’

While the single-metasurface approach to both the absorption
and emission is simple and powerful, the separation of the role into
two metasurfaces provides further flexibility in the spectral tuning
of the emission. In this sense, the stack of metasurfaces, each sepa-
rately designed for the absorption and emission wavelengths,
should allow for the tuning of the emission properties with higher
degree of freedom.”” However, the experiments so far focus on
single-metasurface systems and the stacked metasurfaces have not
been explored largely because of the complexity imposed on the
sample preparation.”** The nanofabrication process requires the
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flatness to the samples, and the presence of the first metasurface
corrugates the surface and prohibits the fabrication of the second
metasurface on the top.

We approach this problem from a different direction using the
metasurface sticker which we developed recently.”” The sticker con-
sists of Al nanoparticle arrays embedded in a poly(dimethylsilox- PDMS
ane) (PDMS) film. The flexibility and adherence of PDMS to clean -@ " | "
surfaces allow the sticker to be stuck on many surfaces without PMMA+emitter
special treatments. Therefore, it brings about nanoantenna effects
even on the materials that are imcompatible with the fabrication
process. We prepare the stack of metasurfaces by placing the sticker
on another metasurface made of TiO, nanoparticle arrays with an
emitter layer on the top. The photoluminescence from the sand-
wiched emitter is examined in comparison with the emitters
coupled to the each metasurface separately.

(b) TiO, metasurface

Il. SAMPLE DESIGN AND FABRICATION S e ST

The sample consists of the emitter layer sandwiched between 9609080006000
the metasurfaces [see Fig. 1(a) for the sketch of the sample]. We e
employ as the emitter Lumogen F red 305 dye (BASF) dispersed in
poly(methylmethacrylate) (PMMA). This dye shows the red emis-
sion upon excitation by blue light, with a high quantum yield and
photo-stability. The first metasurface is designed for the pump
enhancement. For this purpose, we selected the array of TiO,
nanoparticles (diameter and height of 120 and 100 nm) arranged in
the square lattice with the period of 260 nm [Fig. 1(b)]. TiO, was
chosen because of the reasonably high refractive index and the
transparency in the excitation wavelength of the emitter. In con-
trast, metallic nanoparticle has higher absorption in this region and
may lower the absorption by the emitter. The TiO, metasurface
was prepared via the oxidation of Ti nanoparticle arrays prepared (c) Al metasurface
by the lift-off process as described in a separate paper.’’ The
emitter layer was deposited on the TiO, layer by a spin-coat with a
thickness of ~600 nm.

Second metasurface for the emission wavelength is an Al
metasurface sticker consisting of the Al nanoparticles (diameter
and height of 220 and 200 nm) arranged in a hexagonal lattice with
the period of 460 nm [Fig. 1(c)]. The Al metasurface was first made
on the SiO, glass substrate coated by a sacrifice polymer layer, and
then it was transferred to a PDMS film.”” The second metasurface
was stuck onto the emitter layer simply by placing it onto the
surface.
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Ill. RESULTS AND DISCUSSION
A. Angle-dependent extinction

Prior to the stack of metasurfaces, we measured the extinction
of each metasurface separately. Extinction was defined as 1—direct
(zeroth order) transmittance. The TiO, metasurface is transparent

FIG. 1. (a) Cross-sectional sketch of the sandwiched system consisting of the
stack of metasurfaces with an emitter layer in between. The top-view optical
image of the sample is also shown. The SiO, glass substrate was

in the emission range of the emitter [see Fig. 2(a)]. The size of the 30 x 30mm? in size, on which the TiO, metasurface (2 x 2mm2) was fabri-
TiO, nanoparticle is small compared to the wavelengths of the cated. The emitter layer was spin-coated over the entire SiO, glass substrate,
visible light, so the Mie resonance does not appear in the visible and the Al metasurface (6 x 6 mm?) embedded in PDMS was stuck onto the
region. At shorter wavelengths, it shows the weak and sharp extinc- emitter layer. Top-view SEM images of (b) TiO, metasurface on the silica sub-

strate and (c) Al metasurface embedded in PDMS. Insets are the cross-
sectional sketch of the metasurface. The coordinates used in the optical mea-
surements are also denoted.

tion features associated to the in-plane diffraction. The main
extinction peak at A = 395 nm and 6;, = 0° splits and shifts as 6,
deviates from 0°, following the dotted lines representing the
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i Ext. dispersion of in-plane diffraction. The in-plane diffraction condi-
(a) TiO, metasurface
0.4 tions or Rayleigh anomalies satisfy the following relation:
ko = kin(6n) + G(my, my), (1)

where l?o is the wave vector of the in-plane diffracted orders, ki in 1S
the in-plane component of the wave vector of the incident beam,
and G(my, my) = m1b1 + m2b2 is the reciprocal lattice vector of
the array. For the square lattice, the unit vectors are by = (2r/a)X,

= (2z/a)y, with a the lattice constant (¢ = 260 nm), and m
and m; being the orders of diffraction.”’ The gray dotted lines in
the figure denote the diffraction conditions with n = 1.5 (PMMA)
with the orders noted in the parentheses. The refractive index of

= 0 PMMA is higher in this region compared to the visible region
(-1,0) (n = 1.47). Because of the periodicity of 260 nm in a square lattice,
the extinction of the TiO, metasurface appears only in the blue
part of the visible.

The extinction of the Al metasurface sticker on the emitter
layer [Fig. 2(b)] shows the lattice resonance in the visible because
of the lattice design (hexagonal lattice with a = 460 nm). The recip-
rocal lattice vectors for the hexagonal array are by = (V2 27/ a)
(+7/V3) and by = (V2r/a)® — 7//3). The (1,0), (1,—1),
(—1,0) diffraction orders are plotted using the refractive indices of
PDMS (n = 1.43) and PMMA (n = 1.47). The in-plane diffraction
is overlapping with the localized surface plasmon resonance of Al
nanoparticles which is broad and extends over the visible region,
and thus the extinction is much higher compared to that of the
TiO, metasurface. The modification of the localized surface
plasmon resonance along the diffraction means that both the plas-
monic and diffraction modes are excited simultaneously as hybrid-

(c) Sandwich Ext. ized modes.”
—— — 1 The extinction of the stacked metasurfaces [Fig. 2(c)] exhibits
700 features of these two metasurfaces. No near-field interaction is
650 0.8 expected between the two metasurfaces because the spectral posi-
€ ] tion of the resonances, as well as their geometrical positions, are
£.600 well separated. Only slight spectral shift is observed between the
£ 0.6 extinctions of the stacked and the separated metasurfaces. The shift
5550 in extinction will be discussed in comparison with the emission
- spectra in Sec. III B.
5450 " s e 0.2 B. Angle-dependent emission
400 In order to optimize 6;, of the excitation beam for the pump
0 enhancement, we measured the emission from the emitter layer
-20 -10 0 10 20 30 with the TiO, metasurface upon irradiation with a A = 440.6 nm
0, (0) laser at various 6;,. The beam was incident on the substrate side,

and the emission from the other side was detected at a fixed angle
of emission, O, = 10° [see the inset of Fig. 3(a) for the configura-
tion]. The enhancement factor, defined as the emission intensity
from the sample divided by that from the reference emitter layer on

FIG. 2. Extinction spectra as a function of angle of incidence (6;,) for the
emitter layer with (a) the TiO, metasurface, (b) the Al metasurface and (c) for
the sandwiched emitter layer between the Al and TiO, metasurfaces. 6, is

defined in the z — x plane with the azimuthal angle from the x-direction being the flat glass substrate, shows a maximum at 6, = 11° [Fig. 3(a)].
0° (see the SEM images in Fig. 1 for the coordinate). Extinction is defined as This angle corresponds to the angle where the A = 440.6 nm
1—direct transmittance [see the inset in (a) for the configuration]. The gray and light crosses the extinction feature due to in-plane diffraction
blue dashed lines in (a) and (b), respectively, are the in-plane diffraction condi- [see Fig. 3(b) for the zoom-up extinction in the blue region]. At

tions for the square lattice with the period of 260 nm and for the hexagonal
lattice with the period of 460 nm, respectively. Note that the color scale in (a) is
different from the others.

this condition, the excitation beam is scattered into the emitter
layer which acts as a slab waveguide, where it is trapped and even-
tually absorbed by the dye molecules. We further confirm that this

J. Appl. Phys. 129, 183101 (2021); doi: 10.1063/5.0047352 129, 183101-3
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FIG. 3. Pump enhancement as a function of 6. (a) Photoluminescence 700 D
enhancement (Int/Int.), defined as the emission intensity of the emitter layer E
on the metasurface normalized to that on the flat glass substrate, for the emitter 680 15 ~
layer with the TiO, metasurface. The sample was excited from the SiO, glass E o)
substrate side with the blue laser (1 = 440.6 nm) at various 6;, with a step of 2’660 °
1° and the emission from the other side was detected with a fixed emission ES) ©
angle, 6.m = 10°, defined in the z — x plane. The inset is the sketch of the f 640 10 ::
measurement configuration. (b) and (c) Extinction in the blue spectral region as 2620 c
a function of 6y, for the emitter layer with (b) the TiO, metasurface and (c) for © o
the sandwiched emitter layer between the Al and TiO, metasurfaces. The data = 600 g
are the zoom-ups of those in Fig. 2. The dotted lines denote 1 = 440.6 nm. 5 O
580 <
®
560 B <
mode does not shift when the Al metasurface sticker is placed on (c) Sandwich L
the top [Fig. 3(c)]. 20
Then, we measured the emission spectra with varied 8., while
0in being fixed at 11°. For the emitter layer on the TiO, metasur-
face, the enhancement is featureless as in Fig. 4(a). Because the
lattice mode is in the blue region and the metasurface is transpar- 15
ent in the range of emission as in Fig. 2(a), no effect is expected on
the emission process. In contrast, the diffraction mode in the blue
indicates the pump enhancement. In parallel, for the emitter with 10
the Al metasurface [Fig. 4(b)], the emission enhancement follows
the diffraction line, showing the directional outcoupling; the emis-
sion trapped inside the emitter layer is scattered out into the direc- 5

tion defined by the lattice periodicity. When the emitter is
sandwiched between the two metasurfaces [Fig. 4(c)], both pump
enhancement and outcoupling occur: The angular profile is similar
to the case of single Al metasurface, but the enhancement is higher
because of the additional pump enhancement from the TiO,
metasurface.

The spectral relation between the extinction and the emission
is further examined by the cut of the spectra (Fig. 5). The extinc-

FIG. 4. Photoluminescence enhancement for the emitter layer (a) with the TiO,
metasurface, (b) the Al metasurface, and (c) for the sandwiched emitter layer

tion at 6, = 10° [Fig. 5(a)] for the TiO, metasurface is flat and between the Al and TiO, metasurfaces. The samples were excited from the
small in the emission range of the emitter. The emission spectra at Si0, glass substrate side with the blue laser (4 = 440.6 nm) at 6;, = 11°. The
Bem = 10° [Fig. 5(b)] show that the enhancement factor achieved emission from the other side was plotted as a function of emission angle, Gem
singly by the TiO, metasurface is around two irrespective of the defined in the z — x plane with the azimuthal angle from the x-direction being

0°. The white dashed lines in (b) and (c) denote the in-plane diffraction for the
hexagonal lattice with the period of 460 nm and the refractive index of PMMA
(n = 1.47). The insets show the sketch of the samples.

emission wavelengths. Specifically at the peak wavelength of the
emission from the reference layer on the flat substrate, A = 609 nm,
the value is 2.2. The extinction of the Al metasurface sticker at
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FIG. 5. (a) Extinction spectra at 6;, = 10° for the emitter layer with the Al
metasurface, the TiO, metasurface, and the layer sandwiched between the Al
and TiO, metasurfaces. The spectral positions of the diffractions and localized
surface plasmon resonance are also denoted. (b) Photoluminescence spectra at
6.m = 10° for the reference emitter layer, and the emitter layer with the Al
metasurface, the TiO, metasurface, and sandwiched between the Al and TiO,
metasurfaces. The samples were excited from the backside with the blue laser
(A = 440.6 nm) at 6;, = 11°. The vertical dotted line indicates the position of
the emission peak of the sandwiched emitter.

6in = 10° [Fig. 5(a)] shows several features corresponding to the
diffraction orders, in addition to the broad peak at 1 ~ 690 nm due
to the localized surface plasmon resonance. The emission peak
appearing at A = 634 nm is associated to the (—1,0) orders, verify-
ing the outcoupling effect by the metasurface. The enhancement
factor at the peak is around 9.8. It is noted that the emission
enhancement occurs not only around the peak but also the entire
spectral range. This flat enhancement overlapping the outcoupling
indicates the presence of pump enhancement even for the single Al
metasurface. The excitation beam hits the broad tail of the localized
surface plasmon of the Al nanoparticles to increase the absorption
by the emitters. The magnitude of the flat enhancement is also
around two, and specifically 2.4 at A = 609 nm.

The addition of the Al metasurface to the TiO, metasurface
slightly redshifts the extinction as seen in Fig. 5(a). Accordingly,
the emission peak also redshifts to A =636 nm [Fig. 5(b)]. The
pump enhancement is estimated to 3.1 times at A = 609 nm. This
value is smaller compared to the pump enhancement from the
TiO, metasurface multiplied by that of the Al metasurface

ARTICLE scitation.org/journalljap
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® Reference (1 =5.0ns)

® TiO, metasurface (4.9 ns)
® Al metasurface (4.5 ns)
® Sandwich (4.4 ns)
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FIG. 6. (a) Emission lifetime measured for the reference emitter layer, and the
emitter layer with the Al metasurface, the TiO, metasurface, and the layer sand-
wiched between the Al and TiO, metasurfaces. The instrumental response func-
tion (IRF) is also shown as a gray area. The samples were excited from the
backside with the blue LED (2 =470nm) and the emission intensity at
A = 605nm was measured in a reflection configuration. The lifetimes extracted
from the single-exponential fit to the decay are shown in the legend.

(22 x24 =253 at A =609 nm). This 42% drop of enhancement
indicates the interference of the pump enhancement when both the
metasurfaces coexist. It is intuitively understood considering the
situation where the sandwiched system is irradiated with the excita-
tion beam; the excitation beam first hits the TiO, metasurface then
the Al metasurface so that the spatial distribution of the scattering
field is different from those of the single-metasurface systems.

While the pump enhancements from the stack of metasurfaces
interfere, the pump enhancement and the outcoupling are indepen-
dent and their combination will give the net enhancement which
equals to the multiplication of the two effects. Indeed, the net
enhancement for the sandwiched emitter, ~15.0 times at the peak
wavelength of 2 = 636 nm, is similar to the multiplication of the
enhancements for the TiO, and the Al metasurfaces
(2.0x9.2=18.4 at 1 =636nm). The smaller drop by 18% is
ascribed to the fact that the single Al metasurface also gives the
pump enhancement, which interferes with that of the TiO,
metasurface.

C. Emission decay rate

The other factor contributing to the emission enhancement,
ie., the quantum yield modulation, was examined via emission
decay rate (Fig. 6). Because the quantum yield is the ratio of radia-
tive decay to the total decay rate, the change in quantum yield
should be reflected on the change in temporal emission decay rate.
The reference shows the single-exponential decay with the lifetime
of 7 =5.0ns. The PL lifetime slightly decreases for the emitter
layer on the TiO, metasurface to 4.9 ns. The drop of the lifetime is
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larger for the Al metasurface (4.5 ns) and the stack of metasurfaces
(4.4 ns), which is expected given the high absorption of Al that pro-
vides an additional nonradiative decay channel for the emitter. It is
noted that even for the largest drop for the stack of metasurfaces,
the drop is only 10% of the reference, meaning that the change in
quantum yield is small in the present system. This is because the
thickness of the emitter layer is 600 nm and only the emitters in
the vicinity of the metasurface are affected by the antenna.”” For
the good emitter with high quantum yield as the present dye, the
additional decay channel created by the antenna in many cases
decreases the emission in‘tensity.s'1 Therefore, the limited modula-
tion of quantum yield for a thick emitter layer is beneficial for the
emission enhancement. More than 10 times emission enhancement
due to the pump enhancement and outcoupling without the
Purcell effect has been reported by combining thick and
high-quantum-yield emitter layers with metasurfaces.'®*"’

IV. CONCLUSION

In summary, we evaluated the emission modulation by the
stack of metasurfaces designed separately to modulate the incou-
pling of excitation beam and outcoupling of the emission. The
stack of metasurfaces was prepared by simply placing the sticker of
Al metasurface on top of the emitter layer on another metasurface
consisting of TiO, nanoparticles. The total emission enhancement
is understood by the multiplication of the separate contributions
from the two metasurfaces. The results show that the pump
enhancement and the outcoupling are independent at separated
wavelengths and do not interfere each other, which makes the
design of the stack of metasurfaces simple and straightforward. It is
noted that the design of the stacked system including the size of
nanoparticles and the thickness of the emitter layer is not fully
optimized, and there is room for improvement for the enhance-
ment. This proof-of-concept work using the downcoversion emitter
can be easily extended to the frequency-conversion systems such as
upconversion’” and second harmonic generation.

V. METHOD
A. Fabrication of Al metasurface sticker

Al nanoparticle arrays embedded in PDMS were fabricated
following the method described in Ref. 29. In short, Al thin film
(thickness = 200 nm) was grown on the SiO, glass substrate covered
by a polyvinylpyrrolidone (PVP) layer (500 nm thick), which serves
as a sacrifice layer. Then, the Al nanoparticle array was fabricated
by using nanoimprint lithography (EntreTM3, Obducat) and reac-
tive ion etching (RIE) (RIE-101iPH, Samco). Then, ingredients of
PDMS (DOWSIL™ SILPOT 184 Dow) were mixed and cast onto
the Al nanoparticle array on the substrate (thickness~ 2 mm),
degassed under vacuum for 40 min at 35°C and then cured for 2h
at 80 °C. The array with a PDMS film on the top was soaked in dis-
tilled water for one day to dissolve the sacrifice PVP layer. Finally,
the PDMS film embedded with the Al nanoparticle array was
peeled off from the glass substrate. The size of the Al nanoparticle
and the period of the array were confirmed by scanning electron
microscopy (SEM, SU8000, Hitachi).

ARTICLE scitation.org/journalljap

B. Fabrication of TiO, metasurface

TiO, metasurface was fabricated via oxidation of Ti metasur-
face as described in Ref. 30. First, the resist (ZEP520A) was coated
onto an SiO, glass substrate and the resist was nanopatterned by
electron-beam lithography (F7000s-KYT01, Advantest) followed by
developing with a developer (ZED-N50). Then, the Ti thin film
(thickness = 100 nm) was grown on the prepatterned resist on the
substrate using electron beam deposition. Finally, a lift-off process
was performed with a solvent (Microremover 1165) to remove the
excess Ti on the resist. Finally, the Ti metasurface was converted
into TiO, by the heat treatment in an electric furnace for 5 min in
air. The size of the TiO, nanoparticle and the period of the array
were confirmed by SEM. As an emitter layer, a PMMA layer con-
taining 3 wt% Lumogen F red 305 (~600nm) was prepared by
spin-coating.

C. Transmittance measurements

Angular-varied extinction spectra were measured as a function
of angle of incidence 6, collected by a fiber (numerical aperture
=0.22) coupled to the spectrometer (Flame-S, Ocean Optics). The
sample was set on a rotation stage to vary 6;, on the sample surface
with a step of 0.3°. The light source was an unpolarized halogen
lamp (SLS201L/M, Tholab), with the emitter layer without the
metasurface on the SiO, glass substrate as a reference. Extinction
was defined as E =1 — T/T,, with T and T, being the measured
zeroth-order transmission of the sample and the reference,
respectively.

D. Emission measurements

A diode-pumped solid-state laser (4 = 440.6nm, Laser
Century BLS445, incident laser power =10 mW) was incident on
the SiO, glass substrate side at 6, = 11° from the normal. An
optical fiber coupled to the spectrometer was rotated around the
sample to obtain the emission spectrum through the metasurface
as a function of emission angle 8., with a step of 1°. The
emission decay at the main luminescence peak (4 = 605 nm) was
measured using a time-correlated single-photon counting module
(Quantaurus-Tau, Hamamatsu Photonics) equipped with a pulsed
LED (A = 470 nm, temporal resolution of 0.7 ns) as an excitation
source. The decay curve was fitted to the single exponential func-
tion after deconvolution using the instrumental response function
(IRF).
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