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ABSTRACT

Plasmon polaritons or plasmons are a collective oscillation movement of free
electrons in metal at optical frequencies. The frequency-dependent complex dielectric
function makes the metal property at optical frequencies behave totally different with that
at other spectral ranges with lower frequency such as infrared and microwaves. This novel
property makes the so called plasmonics or nanoplasmonics a rapid growing research field
over the past few years. Many innovative concepts and applications have been developed
such as perfect absorber, structural color printing, and quantum emitter spontaneous
emission enhancement.

In this dissertation two of the most important applications will be addressed. The
first application is structure color printing and the other is to control the spontaneous
emission rate of quantum emitters such as quantum dot. To achieve structural color
printing, two difference nanostructures: VV-groove arrays and square shaped arrays were
designed as a fundamental perfect absorber structure unit for structural color printing. To
control dipole emitter spontaneous emission, hyperbolic multilayers, plasmonic perfect
absorbers and chiral metasurfaces were used to enhance the spontaneous emission through

Purcell effect.
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SECTION

1. INTRODUCTION

1.1. BACKGROUND

Plasmon polaritons or plasmons are a collective oscillation movement of free
electrons in metal at optical frequencies [1]. The free electron gas movement in metal play
an important role in the interaction between metal and electromagnetic radiation. The
metal’s complex dielectric function is used to describe the physic of this free electron gas
movement. Drude oscillator model and Lorentz oscillator model are well known simple
classical microscopic theory that illustrate the metal’s frequency dependent complex
dielectric function [2]. The complex dielectric function frequency dependent behavior
makes the metal property at optical frequencies behave totally different with that at other
spectral ranges with lower frequency such as infrared and microwaves. The plasmons are
unique characteristic interaction of metal or metal nanostructure with light. The scale
invariance of Maxwell’s equations is not useful between optical frequencies and other
frequencies which make the model experiments at optical frequencies distinct from
experiments operated at lower frequencies. This novel property makes the so called
plasmonics or nanoplasmonics a rapid growing research field over the past few years [3].
Surface and volume charge density oscillations with distinct resonance frequencies can be
sustained by free electron gas in metal. At the interface between a metal and a dielectric
propagating surface charge density oscillation which are spatially confined near the meatal

surface are very useful to create large optical near field intensity. Many innovative concepts



and applications have been developed such as perfect absorber, structural color printing,
quantum emitters spontaneous emission enhancement.

In this dissertation two of the most important applications will be addressed. The
first application is structure coloring and the other is to control the spontaneous emission
rate of quantum emitters such as quantum dot, color center, etc.[4].

For particular interface shape such as nanogrooves or nanowires both propagating
and non-propagating surface plasmon modes are supported. Extreme local charge
accumulations accompanied by strongly enhanced optical fields can occur in particular
shapes. In this case nanogrooves will be used as a fundamental perfect absorber structure
unit for structural color printing. The details will be discussed in the first and two research
projects.

For the alternative metal-dielectric multilayer, the electric permittivity can be
adjusted arbitrarily to create artificial dielectrics, the so-called metamaterials. Also random
metal-dielectric composites can exhibit artificial desired permittivity according to Metal-
Dielectric composites mixing rules [5]. In the case of multilayer structures, artificial
epsilon-near-zero metamaterial can be designed to support large local density of states and
enhance quantum dot (QD) spontaneous emission rate. The Purcell effect [6] of quantum
dot spontaneous emission with Ag-SiO> multilayer metamaterial nanostructures will be
demonstrated by experiment and simulation in the third and fourth of research projects.

In the case of small subwavelength metal particle, the free electron gas oscillations
will be confined in the three dimensions. The overall free electron gas oscillates around the
positively charged lattice of the metal particle and give rise to non-propagating localized

or particle-plasmon resonances depending on particle geometry at specific resonance



3
frequency. For metallic nanoholes the same localized plasmon can be found. The two-
dimensional nanohole arrays in single metal layer or multi metal-dielectric layers sustain
large localized plasmon resonance and the resulted high electric field density can support
large density of states, so spontaneous emission rate of quantum emitters is greatly
enhanced. This situation will be discussed in the fifth research project.

Also tilted ellipse array on trilayer can be used to achieve chiral-selective plasmonic
absorber. Chirality is a fascinating geometrical property that chiral object and its mirror
image cannot coincide with each other by rotational or translational operation. Both light
and material can be chiral and their interaction such as circular dichroism have been
investigated intensively. However, the control of chiral spontaneous emission of dipole
emitters still remains open. Use chiral-selective plasmonic absorber based on tilted ellipse
array on trilayer to control the chiral spontaneous emission property of dipole emitters such
as quantum dots will be demonstrated in the sixth research project. These results will
advance many applications in light-emitting devices, nanoscale lasers, quantum

electrodynamics, and quantum information processing.

1.2. ORGANIZATION OF DISSERTATION

The main objective of this research is to investigate the application of plasmonic
metamaterials: structure coloring and controling the spontaneous emission rate of quantum
emitters.

The first research topic is to demonstrate structural color printing based on all-
aluminum plasmonic V-groove metasurfaces under both bright field and dark field

illumination conditions. A broad visible color range is realized with the plasmonic V-



4
groove arrays etched on aluminum surface by simply varying the groove depth while
keeping the groove period as a constant. Polarization dependent structural color printing is
further achieved with interlaced V-groove arrays along both the horizontal and vertical
directions. These results pave the way towards the use of all-aluminum structural color
printing platform for many practical applications such as security marking and information
storage.

The second research topic is to demonstrate an all-metal structural color printing
platform based on aluminum plasmonic metasurfaces with high color performance using
only one-step etching process on aluminum surface. A wide visible color range is realized
with the designed metallic square-shaped disk arrays by simply adjusting geometrical
parameters of the disk etching depth, disk width and unit cell period. The demonstrated all-
metal microscale structural color printing on aluminum surface offers great potential for
many practical color related applications.

The third research topic aims to demonstrate the Purcell effect of quantum dot (QD)
spontaneous emission with Ag-SiO, multilayer metamaterial nanostructures in experiment
and simulation. A broadband enhanced spontaneous emission rate of QDs is observed due
to large local density of states in the epsilon-near-zero and hyperbolic regions of multilayer
structures. Multilayer gratings are utilized to further enhance the QD spontaneous emission
as the QDs located inside the grating grooves strongly interact with high-k coupled surface
plasmon polariton modes. Photoluminescence decay measurements are in good agreement
with both analytical treatment with a nonlocal effect and three-dimensional finite-element
simulation. Detailed studies of QD position and polarization effects on emission rate

enhancement for multilayer and multilayer grating nanostructures provide important



5)
insight for understanding the coupling mechanisms of emitter-multilayer interaction and
the engineering of local density of states in metamaterial nanostructures. These results will
advance many applications in light-emitting devices, nanoscale lasers, quantum
electrodynamics, and quantum information processing.

The fourth research topic aims to investigate the anomalous power law for the
Purcell factor of cavity wavevector with dipole excitation. To control the spontaneous
emission rate of dipole emitters, resonant cavity is widely used to provide large
electromagnetic mode confinement and thus results in the enhanced Purcell effect. Here,
hyperbolic metamaterial cavities with different wavevectors are designed to have identical
fundamental mode at the same resonant frequency. Different from conventional photonic
and plasmonic cavities, a fifth power law PF ~ (k/ko)® for small wavevectors and a square
law PF ~ (k/ko)?> for large wavevectors have been demonstrated. The unique optical
properties and Purcell factor scaling law of hyperbolic metamaterial cavities will greatly
benefit the applications in cavity electrodynamics, quantum optics, single photon sources,
on-chip quantum computing and circuits.

The fifth research topic aims to enhance the spontaneous emission rate and
photoluminescence intensity of CdSe/ZnS quantum dots spin-coated on the absorbers top
surface. Metamaterial perfect absorbers were made of hexagonal array of holes on Ag-
Si02-Ag thin films. Perfect absorption of incoming light happens at the wavelength where
the impedance is matched to that of the free space. When QDs strongly excite both the
electric and magnetic resonances at this perfect absorption wavelength, significant Purcell
effect on the spontaneous emission process and enhanced radiative outcoupling of

photoluminescence intensity are expected. For perfect absorbers with near-unity absorption



at the QDs emission wavelength of 620 nm, 5-fold Purcell enhancement of spontaneous
emission rate and 3.6-fold enhancement of photoluminescence intensity are demonstrated
in the time-resolved photoluminescence experiments, which are in good agreement with
three-dimensional finite-difference time-domain simulation. These results will advance the
understandings and applications of the metamaterial PAs-based light harvesting and
emitting devices.

The sixth research topic aims to control chiral spontaneous emission of dipole
emitters using chiral-selective plasmonic absorber based on tilted ellipse array on trilayer.
The associated chiral-selective absorption band that strongly absorb one-handed circular
polarized light and reflect the other results in significant circular dichroism. By position
the QD on the top of metasurface, we demonstrate a sharp difference in their interaction
with the right-hand polarized (RCP) and left-hand polarized (LCP) metasurface modes.
The difference in RCP and LCP spontaneous emission lifetime and photoluminescence
intensity were demonstrated experimentally. Theoretical mode analysis were conducted to
explain the mode coupling mechanism. Our observations of chiral mode engineering for
spontaneous emission control enable a variety of promising applications in active
polarization manipulation, chiral imaging and sensing, chiroptical spectroscopy,
Stereochemical enantiomer sensors.

The outcomes of the above research topics are expected to advance the knowledge

of plasmonic metamaterials applications.
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I. REALIZING STRUCTURAL COLOR GENERATION WITH
ALUMINUM PLASMONIC V-GROOVE METASURFACES

Wei Wang,! Daniel Rosenmann,? David A. Czaplewski,? Xiaodong Yang,! And Jie Gao!

!Department of Mechanical and Aerospace Engineering, Missouri University of Science
and Technology, Rolla, MO 65409

2Center for Nanoscale Materials, Argonne National Laboratory, Argonne, IL 60439, USA

ABSTRACT

The structural color printing based on all-aluminum plasmonic V-groove
metasurfaces is demonstrated under both bright field and dark field illumination conditions.
A broad visible color range is realized with the plasmonic V-groove arrays etched on
aluminum surface by simply varying the groove depth while keeping the groove period as
a constant. Polarization dependent structural color printing is further achieved with
interlaced V-groove arrays along both the horizontal and vertical directions. These results
pave the way towards the use of all-aluminum structural color printing platform for many
practical applications such as security marking and information storage.

Keywords: Subwavelength structures; Surface plasmons; Metamaterials; Color.



1. INTRODUCTION

Recently, various types of structural color printing techniques have been introduced
to generate a wide range of visible colors with great potential to replace the traditional
pigment-based color printing technology [1-4]. Among these techniques, plasmonic
metamaterials and metasurfaces are becoming more attractive for structural color
applications due to their advanced light manipulation capabilities [5-8]. Plasmonic
metasurfaces are also widely used to generate color holography which is one kind of
structural color printing technique [9-11]. Different kinds of plasmonic nanostructures
have been employed to generate high resolution structural colors, including one-
dimensional gratings [12-14], hole arrays [1-3, 15, 16], antenna arrays [7, 17-20], metal-
insulator-metal structures [6, 21-25], and combined nanodisk and nanohole arrays [5, 26,
27]. Optical resonances across the whole visible spectrum can be achieved by adjusting the
geometrical parameters of the plasmonic nanostructures, according to the tunable spectral
responses of propagating surface plasmons (SP) [4, 28-32], localized surface plasmon
resonances (LSPR) [4, 21, 33-38], and Fabry-Pé&ot cavity modes [4, 39]. Plasmonic color
generation has been utilized in obtaining highly saturated color with narrow spectral width
[4, 6, 40, 41], color filtering with extraordinary optical transmission [4, 12-14], high-
resolution color imaging [4, 21, 39, 42], color filtering with polarization dependence [4,
32, 33, 43-45], and angle-insensitive structural colors [4, 39, 45]. Nobel metals such as
silver [13, 23, 26, 34] and gold [6] are widely used in previous plasmonic color printing
works due to their lower ohmic losses in the visible spectrum. However, silver is not ideal
for color generation because it is susceptible to oxidation and sulphidation [5, 17, 46] and

gold has limitations for rendering blue colors due to the interband transition [4, 6, 47, 48].
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Alternatively, aluminum has been used as an attractive plasmonic material for structural
color generation due to its excellent optical response over the entire visible spectrum,
chemical and thermal stability due to its self-limiting impermeable native oxidation layer,
low cost, and complementary metal oxide semiconductor (CMOS) compatibility [7, 15, 16,
24, 25, 48, 49]. Although many aluminum based metasurfaces with plasmonic structures
such as metal-insulator-metal structures [6, 13, 14, 22-25] or combined nanodisk and
nanohole arrays [5, 26, 27] have been proposed for color printing, the complex fabrication
process will not only increase the production cost but also degrade the color performance.
Here we propose and demonstrate structural color printing with high color
performance based on plasmonic V-groove metasurfaces of an aluminum surface, by using
a simple but efficient one-step focused ion beam milling process. A wide visible color
range can be realized under both bright field and dark field illumination conditions by only
varying the groove depth while maintaining a constant groove period. The optical mode
analysis in aluminum V-groove arrays reveals the excitation of electric dipole and magnetic
dipole resonances for the structural color generation. The incident angle dependent optical
reflection and scattering from the V-groove metasurface color printing platform is also
studied. Furthermore, polarization dependent structural color printing under both bright
field and dark field illumination conditions is demonstrated with interlaced V-groove
arrays along both the horizontal and vertical directions. The demonstrated all-aluminum
structural color printing based on plasmonic V-groove metasurfaces provides great
opportunities for many color related applications such as security marking, information

storage, and microscale imaging.
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2. METASURFACE FABRICATION AND CHARACTERIZATION

A typical one-dimensional V-shaped groove array on an aluminum surface
designed as gap surface plasmon nanostructures for structural color printing is
schematically illustrated in Fig. 1(a). By adjusting the groove depth, d, while keeping the
groove period, p, constant, the plasmonic resonance frequency of the V-groove etched on
the aluminum film with thickness, h, can be tuned across the whole visible spectrum and
thus a wide visible color range can be realized. The designed aluminum plasmonic
metasurfaces for color printing are fabricated as follows. A 250 nm aluminum film is
deposited on a silicon wafer using a Lesker P\VD250 electron-beam evaporator at a rate of
12 AJsec. The designed V-groove arrays are then directly milled on the aluminum surface
by a focused ion beam (FIB) milling process (FEI Helios Nanolab 600 DualBeam) with a
gallium ion current of 9.7 pA and an accelerating voltage of 30 KeV. The groove period,
p, is selected as 250 nm and the groove depth, d, is increased from 76 nm to 231 nm. Figs.
1(c)-1(j) are the cross-section SEM images of the fabricated V-groove arrays with eight
groove depths from 76 nm to 231 nm at a tilted view angle of 52 degrees. During the FIB
process, straight line patterns with designed width of 10 nm are milled on the aluminum
surface. By controlling the ion beam exposure time, V-grooves with various depths are
directly formed. The measured side wall angle of the VV-groove is around 73 degrees. As
shown in Figs. 1(c) and 1(d), when the groove depth is small, the bottom tip of the
fabricated VV-groove is not very sharp, but this geometrical imperfection will not affect the
color performance since the groove depth is the major controlling parameter for the

plasmonic spectral resonance.
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(a) E (b) Bright-field illumination  Dark-field illumination

d.,=161nm

Figure 1. (a) Schematic of the V-groove array on an aluminum layer with silicon
substrate. (b) Schematic of the optical reflection mode for the bright field and dark field
illumination. Angle 1 represents the collection angle of the objective lens while angle 2 is
the incident angle of the dark field condenser lens. (c-j) Cross-section SEM images of the
fabricated V-groove arrays with the same groove period of 250 nm and eight different
groove depths from 76 nm to 231 nm. Scale bars: 250 nm.

The optical reflection and scattering response from the fabricated V-groove arrays
are measured under both bright field and dark field illumination conditions. Fig. 1(b) is the
schematic of a typical optical reflection mode for the bright field and dark field illumination
through a 20x microscope objective lens with NA = 0.4 (Nikon BD Plan). Under bright
field illumination condition, the incident light is focused through the central lens and the
reflected light from the metasurface is collected by the same optical path at a half Angle 1
of 23.6 degrees. Under dark field illumination condition, the incident light is focused onto
the metasurface through the annular condenser lens at an incident Angle 2 around 70
degrees, and the back-scattered light from the sample is collected by the central lens in a

confocal setup. Due to the limited penetration depth in the thick aluminum film for incident
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light in the visible range, optical transmission from the V-groove metasurfaces will be
effectively blocked. With the p-polarized light (where the electric field is perpendicular to
the groove direction), a gap surface plasmon mode localized inside the V-groove will be
excited. Depending on the groove depth, plasmonic modes at various resonance

wavelengths will be realized across the visible range to provide different reflective colors.
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Figure 2. (a) Measured (black solid line) and simulated (red solid line) optical reflectance
spectra under bright field illumination for the eight VV-groove arrays with different groove
depths from 76 nm to 231 nm. The simulation depth are also shown in the Fig. (b)
Measured (black solid line) and simulated (red solid line) scattering intensity spectra
under dark field illumination for the eight VV-groove arrays. Insets show the
corresponding bright field or dark field optical microscope images of 20 %20 pm? V-
groove arrays. (c) Dependence of red-shift of the plasmonic resonance dip (red) and the
plasmonic resonance peak (blue) on the groove depth.
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Figure 3. Measured and simulated results in the CIE 1931 xy chromaticity coordinates for
the eight VV-groove arrays with the increased groove depth from 76 nm to 231 nm. The
circles and diamonds represent the bright field and dark field results, respectively.

Bright field Dark field

H|

Max

,,,,,,,,,,,,,,

AAAAAAAAAAAA

JUSUINENESESR AR A e —

<~ SRS
.

|
\N—

\\\\\\

//////////

) s
) ) prm—="V

Min

Figure 4. Cross sections of the time-averaged magnetic field (color map) and electric
displacement (white arrows) distributions for the V-groove metasurface with depth of
150 nm at the resonance wavelength, under (a) the bright field illumination with vertical
incident angle and (b) the dark field illumination with oblique incident angle of 70
degrees.
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The optical reflectance and scattering intensity spectra from the fabricated V-
groove arrays under bright field and dark field illumination are obtained within the visible
wavelength range from 400 nm to 800 nm with a halogen lamp and an optical spectrometer
(LR1, ASEQ instruments). Each fabricated VV-groove metasurface has an area of 20 %< 20
pm? in the measurements. Fig. 2 summarizes the measured optical reflection spectra under
bright field illumination and the optical scattering intensity spectra under dark field
illumination, as well as the corresponding microscope images shown in the insets, for the
eight VV-groove arrays shown in Figs. 1(c)-1(j) with different groove depths from 76 nm to
231 nm. The bright field reflectance spectra as shown in Fig. 2(a) exhibit a red-shifted
plasmonic resonance dip changing from 433 nm to 795 nm. The reflective colors also
change from yellow, magenta to cyan as the groove depth is increased, which are the
primary colors of CMYK system. The simulation results calculated from finite-difference
time-domain (FDTD) method are also plotted. In the bright field reflection simulation, a
plane wave impinges vertically on the metasurface and the permittivities of aluminum
(imaginary part multiplied by factor of 3 to account for fabrication-induced losses) and
silicon substrate are obtained from the refractive index database [46]. In Fig. 2(b), the dark
field scattering intensity spectra from the same set of VV-groove arrays are presented. The
spectral resonance peak varies from 474 nm to 656 nm as the groove depth is increased.
The scattering colors also change from blue, green to orange, which cover the primary
colors of the RGB system. It is noted that for the V-groove arrays with the depth of 250
nm, the resonance peak is shifted above 600 nm. However, the resonance peak is very
broad with low scattering intensity so that grayish color is obtained. As the groove depth

is increased, the scattering intensity contrast becomes smaller and the scattering spectrum
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Figure 5. Simulated incident angle dependent (a) optical reflection spectra under the
bright field illumination and (b) optical scattering intensity spectra under the dark field
illumination for the V-groove metasurface with depth of 200 nm.

gets broader, because more optical energy in a wider wavelength range is absorbed due to
the adiabatic nanofocusing [50]. The dependence of the red-shift of plasmonic resonance
dip and plasmonic resonance peak on the groove depth are shown in Fig. 2(c). These results
are applied to the final plasmonic color painting images. For the large depth cases in the
dark field setting, because the energy penetrated through the Al film and dissipated in the
Si substrate so the scattered signal is weak. Increase the aluminum film thickness may
decrease the energy penetrated into the Si substrate and thus increase the scattered density.
To further improve the color contrast changing material from aluminum to silver with low
loss will improve the color performance, but silver should be protected by additional layer
from oxidation and sulphidation. In the dark field scattering simulation, the metasurface is
illuminated by a plane wave with an oblique incident angle of 70 degrees. The back
scattered light in the simulation is collected over a conical solid angle corresponding to the
numerical aperture of the 20x microscope objective lens used in the experiment. The far

field scattering intensity is calculated and integrated within the half angle of 23.6 degrees
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as illustrated in Fig. 1(b). A good match between the experimental and simulation results
for both the bright field and dark field results are found in Fig. 2. The measured reflection
spectra and scattering intensity spectra depicted in Fig. 2 are further converted as the
discrete points in the CIE 1931 xy chromaticity coordinates based on color theory in Fig.
3, illustrating the color gamut of the fabricated VV-groove metasurfaces. Fig. 3(b) shows the
zoomed in data area in Fig. 3(a), together with the simulation results. It is shown that the
chromaticity coordinates for the bright field reflection results evolve in a clockwise fashion
while the dark field scattering results vary in a counterclockwise way, as the groove depth
is increased. All the coordinates are around the achromatic point, demonstrating a large

degree of the color range tuning for the designed V-groove metasurfaces.
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Figure 6. (a) Schematic of two-dimensional V-groove array on an aluminum layer with
silicon substrate. The grooves in different directions have different depth, thus sample
can appear different color when incident by different polarization light. (b) Simulation
results of reflectance spectrum of sample illuminated by light with different polarization.
Different polarization illumination results in different colors.

For the purpose of understanding the physical mechanism of the gap surface
plasmon modes localized inside the V-groove nanostructure, time-averaged magnetic field

(color map) and electric displacement (white arrows) distributions for the V-groove with
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depth of 150 nm at the resonance wavelength are plotted in Fig. 4 under both the bright
field and dark field illumination. As shown in Fig. 4(a) under the bright field illumination
with vertical incident light, strong magnetic dipole resonance inside the V-groove is
observed with the concentrated magnetic field surrounded by an electric displacement flow
loop. At the same time, an electric dipole resonance is also excited on the top surface of
the aluminum ridge. The excitation of the gap surface plasmon mode within the aluminum
V-groove provides strong optical absorption for the vertical incident light at the resonance
wavelength so that the subtractive color can be observed in the bright field reflection
spectrum from the metasurface. Fig. 4(b) plots the optical mode distributions for the V-
groove under the dark field illumination with oblique incident angle of 70 degrees. The
magnetic dipole resonance confined inside the groove gets very week, while a strong
magnetic dipole resonance occurs around the top aluminum-air interface of the aluminum
ridge, together with the electric dipole resonance at the top aluminum surface. It is observed
that the electromagnetic energy is scattered away from the VV-groove into the far field above
the groove at the resonance wavelength. Therefore, the additive color can be obtained in
the dark field scattering spectrum above the metasurface. The above mode analysis
indicates that different structural colors will be realized under the bright field as well as
under dark field illumination conditions.

The incident angle dependent optical spectral response is further studied in
simulation for the VV-groove metasurface with depth of 100 nm, under both the bright field
and dark field illumination conditions. For the calculated optical reflection spectra under
bright field illumination as shown in Fig. 5(a), when the incident angle changes from 0

degree (vertical direction) to around 50 degrees, the reflection resonance dip almost
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remains at the same wavelength, giving unchanged color for different view angles. When
the incident angle is larger than 50 degrees, the gap surface plasmon mode supported inside
the V-groove disappears and the metasurface behaves like a broadband mirror. For the
optical scattering intensity spectra under the dark field illumination as plotted in Fig. 5(b),
the scattering resonance peak almost linearly red-shifts to longer wavelength when the
incident angle increases, and the resonance peak width and scattering intensity also depend
on the incident angle. It is shown that the scattering intensity will reach its maximum value

at the incident angle of 84 degrees.

Figure 7. (a) Original landscape art painting with various colors. (b) The measured bright
field microscope image of the plasmonic painting under the horizontal linear polarization
(white arrow) with size of 40 x50 pm?. (c) The measured dark field microscope image.
(d)-(f) SEM images of the fabricated plasmonic painting sample with V-groove arrays of
different depths. SEM image in panel (f) is tilted at a view angle of 52 degrees.
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When the grooves of the sample in different direction have different depth, sample

can appear different color when incident by different polarization light. It is worth noting
that even when the sample is illuminated by unpolarized light, the reflected light with
different polarization also have different color which will be shown in the experiment
results. For two-dimensional simulation, the demonstration results are shown in Fig. 6(b).
The reflectance spectrum is different when the sample is illuminated by light with different
polarization. The simulation schematic is shown in Fig. 6(a). The side wall angle is 73
degree. Due to the fabrication issue the V-groove will not be perfect, the groove bottom
should has certain gap, the two-dimensional simulation show the real case. For polarization
0 degree the bottom width of the pyramid is 222 nm, the groove depth d1 is 155 nm. For
polarization 90 degree the bottom width of the pyramid is 190 nm, the groove depth d2 is

100 nm. The simulation results are shown in Fig. 6(b).

45 degree 67.5 degree 90 degree

Figure 8. (a) Color response of one-dimensional groove sample illuminated by light with
different polarization changes from vertical to the groove to parallel to the groove. The
polarizer was placed in the incident beam path. (b) Different polarization color images of
one-dimensional groove in the dark field setting with polarizer in the reflected beam path.
The reflected beam from the sample is highly polarized.
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3. PLASMONIC PAINTING OF COLOR IMAGES

In order to demonstrate the applicability and visual performance of the proposed
aluminum plasmonic V-groove metasurfaces for structural color printing applications, a
micrometer scale 40 x50 pm? plasmonic printed copy of a landscape art painting drawn
by ourselves, as displayed in Fig. 7(a), is fabricated. By choosing the V-groove array with
certain groove depth in each pixel, the desired colors can be realized with high fidelity and
visual contrast. The measured bright field microscope image of the plasmonic painting
under the horizontal linear polarization (white arrow) as shown in Fig. 7(b) successfully
reproduces the original image features and colors shown in Fig. 7(a). Fig. 7(c) illustrates
the measured dark field microscope image, where nearly complementary colors are
displayed as expected. The SEM images of the fabricated plasmonic painting sample with
vertical V-groove arrays are shown in Figs. 7(d)-7(f). When the polarization is parallel to
the grooves, the color will disappear which can be used in security applications. Fig. 8(a)
show one-dimensional sample color response illuminated with different polarization in
bright and dark field setting. In the bright field setting, the polarizer was placed in the
incident beam path. The color will disappear when the polarization is parallel to the grooves.
It is worth noting that when the sample was illuminated with unpolarized light, because
different polarized beam has different plasmonic resonance, reflected beam with different
polarization also have different color. In the dark field setting, the oblique incident beam
polarization can't be controlled easily, so the polarizer was placed in the reflection beam
path. The results in Fig. 8(b) show that the reflected beam is also highly polarized even
when the incident beam is unpolarized because only p-polarized wave can be scattered.

Since the current VV-groove array works under a certain linear polarization perpendicular
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to the groove direction, two-dimensional V-groove arrays along both the horizontal and
vertical directions can be interlaced together for displaying images with polarization-
dependent colors. Two original landscape art paintings with different color sets are
displayed in Fig. 9(a), where the top one is designed to use vertical V-groove arrays under
the horizontal linear polarization while the bottom one is for horizontal \VV-groove arrays
under the vertical linear polarization. Fig. 9(b) gives the measured bright field microscope
images under two different linear polarizations, showing the vivid image colors switching
from one set to another once the linear polarization is tuned from horizontal to vertical
(white arrows). The measured dark field microscope images are also switched under
orthogonal linear polarization excitation. The SEM images of the fabricated plasmonic
painting sample with the interlaced vertical and horizontal V-groove arrays are shown in
Figs. 9(d)-9(f). Fig. 10 show two-dimensional sample color response illuminated with
different polarization under bright and dark field illumination. When the polarizer rotates,
the image will gradually changes from one color to another kind of color. The demonstrated
plasmonic painting results indicate that the proposed all-aluminum structural color printing
platform based on the V-groove metasurfaces is capable of creating high-resolution color

images with high brightness and saturation.

4. CONCLUSIONS

An all-aluminum structural color printing platform based on plasmonic V-groove
metasurfaces with high resolution and high color performance have been introduced and
demonstrated, by using a one-step focused ion beam milling process. By only adjusting the

groove depth, the plasmonic resonances of the V-groove arrays can be tuned across the
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whole visible spectrum, resulting in either the subtractive colors obtained from the
reflection spectra under the bright field illumination, or the complimentary additive colors
resulting from the scattering spectra under the dark field illumination. The reproduced
polarization dependent plasmonic paintings of color images under both the bright field and
dark field illumination conditions manifest the feasibility and flexibility of all-aluminum
plasmonic V-groove metasurfaces for structural color printing applications. The
demonstrated aluminum plasmonic V-groove metasurfaces for high-performance and
pigment-free structural color generation will open many new possibilities for realizing
relevant applications such as security marking, information storage, and microscale

imaging.
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ABSTRACT

An all-metal structural color printing platform based on aluminum plasmonic
metasurfaces is proposed and demonstrated with high color performance using only one-
step etching process on aluminum surface. A wide visible color range is realized with the
designed metallic square-shaped disk arrays by simply adjusting geometrical parameters
of the disk etching depth, disk width and unit cell period. The demonstrated all-metal
microscale structural color printing on aluminum surface offers great potential for many
practical color related applications.

Keywords: Subwavelength structures; Surface plasmons; Metamaterials; Color.

1. INTRODUCTION

Over the past decade, different kinds of structural color filtering and printing

techniques have been used to reproduce vivid colors in nature with great advantages over



28
conventional colorant-based pigmentation [1-3]. In particular, plasmonic metamaterials
and metasurfaces are receiving more attention for the next generation structural color
applications due to their capability of controlling the light intensity, phase and polarization
effectively [4-8]. Plasmonic nanostructures with various geometries have been developed
for structural color generation with high resolution including one dimensional gratings [9—
11], hole arrays [12— 16], nanoantenna arrays [17-21], metal-insulator-metal (MIM)
structures [10, 22—27], and combined nanodisk and nanohole arrays [28—-30]. By tuning the
geometries and dimensions of the plasmonic nanostructures, optical resonances in the
visible frequency range can be achieved based on the mechanisms of propagating surface
plasmons (SP) [12-16], localized surface plasmon resonances (LSPR) [18, 28-33], as well
as Fabry-Pé&ot cavity modes [34]. Plasmonic color generation has been widely studied in
realizing highly saturated color with narrow bandwidth [23, 25-27], color filtering with
extraordinary optical transmission [35— 37], high-resolution color pixels for imaging [10,
28, 34], polarization dependent [16, 17] or independent [18, 20, 21] color filtering and
imaging, and angle-insensitive structural color printing [21, 34]. Noble metals like gold
and silver have been traditionally employed in the color filtering and imaging platforms
due to their lower ohmic losses within the visible spectrum [10,18,24,25,28,34,38].
However, the interband transition of gold limits the color range obtainable to below the
wavelength of 550 nm [24,39], while silver is susceptible to oxidation and sulphidation
which leads to the degradation of colors under ambient usage [18]. Consequently, a suitable
substitute for noble metals, aluminum, has been highly attractive for structural color
printing application due to its excellent optical response in the visible spectrum, chemical

and thermal stability thanks to its natively formed oxidation layer, low cost, and
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complementary metal oxide semiconductor (CMOS) compatibility [15, 16, 20, 26, 27, 40].
Recently, aluminum based metamaterials with complex nanostructures such as MIM
structures [10, 22-27] and combined nanodisk and nanohole arrays [28-30] have been
designed to exhibit excellent color performance, however, the fabrication processes are
still sophisticated, which will not only increase the production cost but degrade the color
performance due to fabrication imperfections.

In this work, we introduce and demonstrate an all-metal structural color printing
platform based on aluminum plasmonic metasurfaces with high color performance using a
simple, onestep focused ion beam milling process on aluminum surface. By adjusting the
geometrical parameters of the designed aluminum square-shaped disk arrays, including the
disk etching depth, disk width and unit cell period, a wide visible color range can be
realized. The mechanism of structural color generation in aluminum square-shaped disk
arrays is analyzed according to the excitation of electric dipole and magnetic dipole
resonances. Furthermore, the polarization and incident angle dependent optical properties
of the color printing platform have also been studied. The demonstrated all-metal structural
color printing on aluminum surface offers great potential for many relevant applications

such as microscale imaging, information storage, and security marking.

2. DEVICE DESIGN AND FABRICATION

The square-shaped disk array on aluminum surface designed for plasmonic
structural color printing is schematically illustrated in Fig. 1(a). In order to vary the optical
response of the designed disk arrays in the visible spectrum, the geometrical parameters of

the disk etching depth (d), disk width (w) and the unit cell period (P) are tuned. First, a 250
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nm thick aluminum layer is deposited on a silicon wafer by sputtering method at a
deposition rate of 12 A /sec. Then the designed disk arrays are directly milled on the
aluminum layer using the focused ion beam (FIB) milling process (FEI Helios Nanolab
600 DualBeam) with a gallium ion current of 9.7 pA and an accelerating voltage of 30 KeV.
In order to investigate the effects from geometrical parameters, three groups of disk arrays
are fabricated with varying d, w and P, respectively. It is noted that the unit cell period can
be well represented during the ion beam milling process, while the etching depth and disk
width experience slight deviations from the designed values but still in a reasonable range
with 15 nm variation. After the ion beam milling process, it is shown from Figs. 1(b)-1(d)
that the top width of square disk will be smaller than the bottom width and thus there is a
tapered angle around 83%for the disk sidewall. Optical transmission of the designed
structure will be effectively blocked due to the limited penetration depth in the thick

aluminum layer for incident light in the visible range.

3. RESULTS OF EXPERIMENTAL CHARACTERIZATION AND
NUMERICAL SIMULATION

The optical reflection spectra from the fabricated square-shaped disk arrays are
characterized within the visible range (400 ~ 800 nm) by utilizing an optical spectrometer
(LR1, ASEQ instruments). Optical reflection spectrum and the corresponding optical
reflection microscope image are collected in the bright field from each fabricated disk array
with an area of 20 <20 pm?. Figs. 1(b)-1(d) show SEM images of three representative disk

arrays with different geometrical parameters. The insets display the measured bright-field
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Figure 1. (a) Schematic of square-shaped disk array on aluminum surface. (b-d) SEM
images of square-shaped disk arrays fabricated on h = 250 nm thick aluminum film with
different geometric parameters of (b) P = 400 nm, d = 135 nm, w = 245 nm, (c) P =400

nm, d =227 nm, w = 200 nm, and (d) P =400 nm, d = 82 nm, w = 245 nm. Insets:
Optical reflection microscope images of 20 %20 pm? disk arrays. Scale bars: 1 um.

optical microscope images of these disk arrays, showing three prime colors belonging to
the Cyan-Magenta-Yellow (CMY) color model.

The effects of varying disk etching depth d, disk width w and unit cell period P for
the square-shaped disk arrays on the optical reflection spectra and visible colors are further
investigated. The measured optical reflection spectra and bright-field microscope images
for three groups of disk arrays with varying d, w and P are shown in Fig. 2. In Fig. 2(a),
the measured and simulated reflection spectra for disk arrays with varying d exhibit a red-
shifted plasmonic resonance and a broader resonance dip as d is increased from 82 nm to
135 nm while w = 245 nm and P = 400 nm are constant. The colors of microscope images
also change accordingly. As shown in Fig. 2(b), the similar optical response is also
observed for disk arrays with reduced w from 250 nm to 200 nm and constant P = 400 nm.

It is noted that d will depend on w during the FIB process due to the variation of ion beam
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Figure 2. Measured (black solid line) and simulated (red dashed line) optical reflection
spectra of three groups of disk array samples (a) by varying disk etching depth d from 82
nm to 135 nm with constant P = 400 nm and w = 245 nm, (b) by changing disk width w
from 250 nm to 200 nm with constant P = 400 nm and d as a function of w, and (c) by
changing period P from 350 nm to 600 nm with constant d = 82 nm and P - w = 147 nm.
Insets show the optical reflection microscope images of 20 %20 pm? disk arrays. Normal
light incidence is employed.

exposure area, giving a rough expression of d = [3(250-w)+77] nm. Especially for w = 200
nm case, a broad absorption band is obtained due to both the aluminum loss in visible and
the excitation of gap plasmon modes. It is indicated that the obtained visible color range is
dependent on both disk etching depth d and disk width w with a constant unit cell period

P. Moreover, a wider range of color can be realized with simultaneous variation of both d
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and w. In addition, Fig. 2(c) displays the results for disk arrays with varying P from 350
nm to 600 nm and w = (P -147) nm at a constant d = 82 nm. As both P and w are increased,
the plasmonic resonance gets red-shifted. Numerical simulation results from the Finite
Element Method (COMSOL Multiphysics) are also shown in Fig. 2. The geometrical
parameters of square-shaped disk arrays used in simulation are measured from the SEM
images. A good match between the experimental and simulation results can be found in
Fig. 2. In order to understand the relationship between optical reflection spectra and color
generation, all the experimental and simulated reflection spectra depicted in Figs. 2(a)-2(c)
have been converted as the discrete points in the CIE 1931 xy chromaticity coordinates
based on color theory in Figs. 3(a)-3(c), respectively. As the geometrical parameters of d,
w and P for disk arrays vary, the chromaticity coordinates evolve clockwisely close to the
achromatic point, demonstrating the capability of aluminum metasurfaces for a relative

large degree of visible color range tuning.

(a) P =400 nm (b) P =400 nm (¢) d=282nm
w =245 nm d =[3(250-w)+77] nm w = (P-147) nm
d=282-135nm 05 w = 250~200 nm P=350-600 nm

0.5 0. 0.3 0.4 0.5
X

o Experiment o Simulation

Figure 3. Measured (black square) and simulated (red circle) results in the CIE 1931 xy

chromaticity coordinates for three groups of disk array samples by changing (a) d, (b) w,

and (c) P. The reflection spectrum data are obtained from Figs 2(a)-2(c). The beginning
and ending points of parameter variations are labeled for each case.
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(a)

Figure 4. (a) Cross section of the time-averaged magnetic field (color map) and electric
displacement (red arrows) distributions for a selected disk array (with P =400 nm, w =
245 nm and d = 114 nm) at the resonance wavelength. (b) Cross section of the time-
averaged optical power flow vector distribution.
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Figure 5. Color palettes generated from square-shaped disk arrays with varying disk
etching depth d, disk width w and unit cell period P. (a) Color palette with constant P =
400 nm but varying w from 267 nm to 138 nm and d from 51 nm to 505 nm. Each
fabricated disk array has an area of 15 %15 pm?. (b) Color palette with a certain P in
each row changing from 360 nm to 500 nm and varying w from 293 nm to 154 nm and d
from 91 nm to 456 nm. Each fabricated disk array has an area of 10 x10 pm?. The
dimensions are measured from the SEM images.
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In order to understand the mechanism of the plasmonic resonance for the square-
shaped disk array, optical field distributions at the resonance wavelength of 546 nm is
analyzed for one selected sample with P =400 nm, w = 245 nm and d = 114 nm. As shown
in Fig. 4(a), the time-averaged magnetic field (color map) and electric displacement (red
arrows) distributions in the y-z cross section of the designed disk array indicate a strong
magnetic dipole resonance with enhanced magnetic field concentrated within the air trench
surrounded by three aluminum-air interfaces due to the anti-symmetric current flow. At the
same time, an electric dipole resonance is also formed on the top aluminume-air interface
of the disk. The time-averaged optical power flow distribution in Fig. 4(b) depicts the
penetration of light into the aluminum surface layer. The excitation of resonant plasmonic
modes will lead to the strong optical absorption for incident light at certain wavelength so
that the subtractive color can be observed in the reflection from the disk array sample.
The designed square-shaped disk arrays on aluminum surface can exhibit various
visible colors. In Fig. 5, the bright-field microscope images of two color palettes are
displayed, where subtractive structural colors are generated from disk arrays with varying
geometrical parameters in disk etching depth d, disk width w and unit cell period P. The
color palette in Fig. 5(a) includes the disk arrays with constant P = 400 nm but varying w
and d, where the dimensions are measured from the SEM images. While the color palette
in Fig. 5(b) has the disk arrays with a certain P in each row changing from 360 nm to 500
nm and varying w and d. The etching depth beyond the total thickness of aluminum layer
is also obtained in experiment, forming an aluminum-silicon two-layer post array on the
silicon substrate. The absorption of incident light is further enhanced by the plasmonic

resonance from the two-layer post as well as the optical loss in silicon substrate. As a result,
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dark colors can be realized at the upper-right corner of the color palette in Fig. 5(a) and the
right columns of the color palette in Fig. 5(b). The wide range of colors achieved with the
designed aluminum metasurfaces can be used for structural color printing applications. A
micrometer scale plasmonic printed copy [Fig. 6(b)] of a landscape painting we drawn [Fig.
6(a)] is fabricated according to the color palettes in Fig. 5, where the original image features
and colors are successfully reproduced. The SEM images of the fabricated plasmonic

painting are shown in Figs. 6(c)-6(e).

Figure 6. (a) Original landscape painting with different colors. (b) The measured bright-
field optical microscope image of the plasmonic painting with size of 50 m by 35 pm.

(c) SEM image of the fabricated plasmonic painting with various disk array patterns. (d)
SEM image of the area outlined in panel (c). (€) SEM image of the area outlined in panel
(d). Both SEM images in panels (d) and (e) are tilted with an angle of 52° to show clear
three-dimensional disk array structures. Scale bars: 20 pm in (b) and (c), 5 pm in (d), and

3 pmin (e).
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4. INCIDENT ANGLE DEPENDENCE OF OPTICAL RESPONSE

By considering the realistic situation for structural color printing applications,
incident angle dependence and polarization dependence of the optical spectral response are
investigated in simulation for one designed square-shaped disk array with P = 400 nm, w
=245 nm and d = 114 nm. The calculated TE (electric field parallel to y axis) and TM
(magnetic field parallel to y axis) polarized optical reflection spectra with varying incident
angle from 0" <to 80" are plotted in Figs. 7(a) and 7(b), respectively. For TE polarization,
the plasmonic resonance gets a broader linewidth towards the longer wavelength range as
the incident angle is increased. While for TM polarization, the bandwidth of strong optical
absorption almost linearly extends into the longer wavelength as the incident angle is
increased. Such incident angle dependence indicates that the excitation of plasmonic modes
are relying on the grating coupling. Based on color theory, the TE and TM polarized
reflection spectra are converted into the chromaticity coordinates as a function of the

incident angle, as shown in Fig. 7(c).
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Figure 7. Simulated incident angle dependent (a) TE and (b) TM polarized optical
reflection spectra for a selected disk array (with P =400 nm, w =245 nmand d = 114
nm). (c) Incident angle resolved chromaticity coordinates calculated from the reflection
spectra for TE (red circle) and TM (black square) polarizations.
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5. CONCLUSION

In summary, we have demonstrated an all-metal structural color printing platform
based on aluminum plasmonic metasurfaces with high resolution and high color
performance using a simple one-step focused ion beam milling process on aluminum
surface. A wide range of visible colors has been achieved with the plasmonic metasurfaces
by varying the geometrical parameters of square-shaped disk arrays including the disk
etching depth, disk width and unit cell period. The subtractive colors are obtained from the
reflection spectra due to the excitation of plasmonic electric and magnetic dipole
resonances. The reproduced microscale landscape panting shows the feasibility and
flexibility of all-metal plasmonic metasurfaces used for color printing applications. The
demonstrated aluminum plasmonic metasurfaces for structural color printing will be well
suited for applications such as microscale imaging, information storage, anti-counterfeit

tag and security marking.
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ABSTRACT

The Purcell effect of quantum dot (QD) spontaneous emission with Ag-SiO>
ultilayer metamaterial nanostructures has been demonstrated in experiment and simulation.
A broadband enhanced spontaneous emission rate of QDs is observed due to large local
density of states in the epsilon-near-zero and hyperbolic regions of multilayer structures.
Multilayer gratings are utilized to further enhance the QD spontaneous emission as the
QDs located inside the grating grooves strongly interact with high-k coupled surface
plasmon polariton modes. Photoluminescence decay measurements are in good agreement
with both analytical treatment with a nonlocal effect and three-dimensional finite-element
simulation. Detailed studies of QD position and polarization effects on emission rate
enhancement for multilayer and multilayer grating nanostructures provide important
insight for understanding the coupling mechanisms of emitter-multilayer interaction and
the engineering of local density of states in metamaterial nanostructures. These results will
advance many applications in light-emitting devices, nanoscale lasers, quantum

electrodynamics, and quantum information processing.
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1. INTRODUCTION

Multilayer metamaterials consisting of alternating sub- wavelength layers of a
metal and a dielectric have been studied extensively in recent years. The periodic spatial
layout of metal and dielectric layers makes multilayer metamaterials artificial uniaxial
anisotropic materials with unique optical properties compared with their counterparts in
nature. Electromagnetic waves propagating through them undergo a transition from closed
elliptical to open hyperbolic dispersions when one or two principle components of the
permittivity tensor pass through zero at specific wavelengths. At these wavelengths, the
appearance of ultralong wavelengths accompanying epsilon-near-zero (ENZ) behaviors of
electromagnetic waves manifests as extreme slow phase modulation, which is highly
desirable in wavefront shaping and directional emission [1-6]. In the hyperbolic region of
the multilayer metamaterials, optical modes with anomalously large wave vectors enabled
by coupled surface plasmon polaritons (SPPs) on metal-dielectric interfaces provide
tremendous capabilities of near-field subwavelength imaging and large local density of
states (LDOS) for spontaneous emission rate enhancement [3, 5, 7-17]. The wide tunability
of the anisotropic optical property by changing the metal filling ratio and layer thickness
leads to broad applications for multilayer metamaterials [3, 5, 18].

Spontaneous emission enhancement is very important for advances in single-
photon sources, light-emitting devices, low threshold photonics, and plasmonic lasers.

Among many systems, microcavities and photonic crystals have been extensively studied
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for spontaneous emission rate enhancement by the cavity Purcell effect [19, 20]. They
provide a high resonant quality factor, tight electromagnetic field confinement, and thus
large spontaneous emission rate enhancement. However, the resonant requirement limits
the spectral bandwidth for the cavity Purcell effect, hindering the broadband emission
operation. This resonance requirement also exists in a parallel line of studies on
spontaneous emission rate enhancement using plasmonic nanostructures such as
nanoparticles and nanoantenna [21-23]. The coupling strength between an emitter and the
plasmonic resonant mode is enhanced due to the subwavelength mode volumes of
plasmonic nanostructures. Compared to all these resonant structures with narrow spectral
widths and spatially localized electromagnetic modes, planar multilayer metamaterial
nanostructures are capable of providing broadband Purcell effects on spontaneous emission.
In the hyperbolic dispersion regime, these multilayer metamaterials possess ideally
divergent LDOS, leading to very large Purcell factors in the broadband [9, 6, 17].

Various hyperbolic multilayer metamaterials have been used to enhance
spontaneous emission of fluorescent emitters such as dye molecules and QDs [10, 11, 15,
17, 24]. Subwavelength gratings were also fabricated in multilayer structures to further
couple spontaneous emission to high wave vector modes inside those hyperbolic multilayer
metamaterials [15, 17, 24, 25]. In these studies, an effective medium theory (EMT)
approximation is normally employed to predict the ENZ wavelength and calculate the
Purcell factor, guiding the design of multilayer metamaterials for tunable spontaneous
emission enhancement. However, without the consideration of nonlocal effects of
multilayers, it is not able to fully predict or explain the measurements on the ENZ response

and Purcell factor of multilayer structures [26-29].
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In this work, Ag-SiO> multilayer metamaterial and multilayer grating
nanostructures are utilized to realize a 3- to 6-fold enhanced spontaneous emission rate of
CdSe/ZnS QDs in a broad wavelength range from 570 to 680 nm. For a multilayer structure,
a large LDOS in the ENZ and hyperbolic regions results in a higher Purcell factor and QD
emission rate enhancement compared to the elliptical region. Multilayer gratings facilitate
the positioning of QDs inside grating grooves and strengthen the QDs’ interaction with
high-k coupled SPP modes so that the spontaneous emission rate is further enhanced. Time-
resolved fluorescence experiments are performed to measure emission rate enhancement,
which are in good agreement with theoretical analysis and numerical simulation based on
actual multilayer parameters. Moreover, we investigate the spatial and polarization
dependence of emission rate enhancement, as well as the electric field distributions excited
by dipole emitters. It is revealed that the z-polarized dipole dominates the emission rate
enhancement on a multilayer surface due to the coupling with an SPP wave, while a y-
polarized dipole possesses a large emission rate enhancement inside grating grooves due
to the strong excitation of high-k coupled SPP modes in the multilayer gratings (see
coordinates in Fig. 1(a). The results pave the way to the understanding of enhanced light-
matter interactions between quantum emitters and metamaterial nanostructures, as well as
the advancement of metamaterial-based applications in light-emitting devices, nanoscale

lasers, optical sensing, quantum electrodynamics, and quantum information processing.



47

(a) (b)

“sio,  Ag
(c) (d)
1.0 T T T 1600 T T
Multilayer -
Multilayer grating x pol 1400 - QD1 b
0.8 i QD2
1200 F QD3 :
8 o6} (30 1000 i -
S < goof !
O 2] L
2 04 € e00f :
7] 8 L
14 L 4
02 & S
200 -
00 1 1 1 0 1 1
400 500 600 700 800 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

Figure 1. Multilayer metamaterial nanostructures. (a, b) Schematic and SEM for a
multilayer structure and multilayer gratings. The multilayer is composed of four pairs of
Ag layers (thickness am = 12 nm) and SiO- layers (thickness a¢ = 83 nm), with unit cell

thickness a = am + a¢ = 95 nm and a total thickness of 380 nm. The multilayer is
deposited on the 100 nm Ag substrate as a reflector. A multilayer grating nanostructure

with a grating period P = 300 nm is fabricated, and the bottom angle of the grating
groove trapezium is 82.5< A thin layer of QDs in PMMA is spin-coated on the surface of
the multilayer nanostructures. (c) Reflection spectra of a multilayer and multilayer
gratings. (d) Emission spectra of the three sets of CdSe/ZnS QDs on a glass substrate.

2. RESULTS AND DISCUSSION

Fig. 1a shows a schematic of the Ag-SiO, multilayer metamaterial and multilayer
grating nanostructures. The multilayer consists of four alternating pairs of Ag and SiO>
layers, with the designed layer thickness of am and ad for Ag and SiO», respectively. A

half-layer of SiO: is deposited as top and bottom layers in order to achieve symmetric
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multilayer structures and also to protect the Ag layer from oxidizing. The filling ratio of
Ag, f m = am/a, where a = am + aq is the multilayer unit cell thickness, can be chosen to
achieve spontaneous emission rate enhancement within specific wavelength range.
Subwavelength gratings are designed on the multilayer with a grating period P = 300 nm.
A thin layer of QDs in poly (methyl methacrylate) (PMMA) is spin-coated on the surface
of multilayer nanostructures. Scanning electron micrographs (SEM) of a multilayer and
multilayer grating are shown in Fig. 1b. The left panel shows the cross-section view of the
multilayer structure, where Ag and SiO- layers are visible as bright and dark bands, with
layer thicknesses of 12 nm (am) and 83 nm (ad), respectively. These layer thicknesses are
obtained by fitting the multilayer reflection spectrum using the transfer-matrix method.
The right panel of Fig. 1b shows a top-view SEM of periodic gratings fabricated in the
multilayer structure with multilayer ridges (bright color) and air grooves (dark color). The
inset shows a tilted-view SEM of a multilayer grating where individual layers are also
clearly presented. The permittivity of Ag and SiO> layers is also characterized during the
multilayer deposition process. The reflection spectra of both a multilayer and multilayer
grating are shown in Fig. 1c. The multilayer ENZ wavelength retrieved using nonlocal
EMT based on the transfer-matrix method is at 600 nm, vastly different from 561 nm,
which is derived by local EMT. Fig. 1d shows the photoluminescence spectra of three sets
of CdSe/ZnS QDs, with center emission wavelengths of 604 nm (QD1), 620 nm (QD2),
and 630 nm (QD3), respectively. They provide a broadband emission wavelength range
spanning from 550 to 700 nm to ensure probing the Purcell effect of QD emission in

elliptical, ENZ, and hyperbolic regions of the multilayer metamaterial nanostructures.
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Figure 2. Spontaneous emission enhancement of QDs on a multilayer structure. (a) Left:
normalized dissipated power spectrum (intensity on a logarithmic scale) for dipole
emission at a distance of 10 nm above the multilayer surface; right: cumulative LDOS of
dipole emission at wavelengths of 570 nm (elliptical), 600 nm (ENZ), and 650 nm
(hyperbolic), as denoted by the three white dashed lines in the left panel. (b) Theoretical
Purcell factor calculations for multilayer metamaterials with varying unit cell thickness
and EMT approximation. (c) Photoluminescence decay measurements for QD emission
on glass (blue circle) and the multilayer (red circle) at wavelengths of 570, 600, and 650
nm. The green lines are a theoretical fitting using a modified exponential model. (d) QD
emission rate enhancement shown in dots by normalizing the QD photoluminescence
decay lifetime obtained from the measurements on the glass substrate with that on the
multilayer sample and 3D simulation results of the emission rate enhancement shown as
hollow triangles.
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In order to understand the LDOS and Purcell effect of the multilayer metamaterial,

we first investigate the Purcell factor of the multilayer theoretically based on the multilayer
parameters in the fabricated sample. Fig. 2a shows the normalized dissipated power
spectrum and the accumulated LDOS enhancement of an electric dipole 10 nm above the
multilayer surface. The theoretical normalized dissipated power spectrum in the left panel
IS obtained by averaging two orthogonal polarizations to estimate the random dipole
1dPy

orientation in the experiment, i.e.,; T %%. To show that the LDOS of the multilayer
X X

structure evolving from elliptical to hyperbolic dispersion regions cross the ENZ

wavelength, the right panel of Fig. 2a compares the cumulative LDOS, N(u) =

f;‘ G% + g%), at emission wavelengths of 570, 600, and 650 nm, as correspondingly

marked as three white dashed lines in the left panel, where u = kx/ko is the normalized wave
vector component parallel to multilayer surface. It is shown that the dipole emitter couples
almost equally to the low-k propagation modes at the three wavelengths, but interacts with
the high-k coupled SPP modes existing at the multilayer interfaces with much stronger
coupling strengths in the ENZ and hyperbolic regions (600 and 650 nm), resulting in higher
dissipated power and larger LDOS compared to the elliptical region (570 nm). Fig. 2b
shows the theoretical prediction of the Purcell factor for QD emission on the surface of a
multilayer structure with a = 95 nm (purple solid curve), which gives an average Purcell
factor of 2.5. The influence of the multilayer unit cell thickness on the Purcell factor is
examined with decreasing the unit cell thickness but fixing the Ag filling ratio, as shown
by the dashed curves in Fig. 2b. It demonstrates that smaller unit cell thickness leads to a

larger Purcell factor due to stronger couplings between SPPs on metal-dielectric interfaces
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and higher cutoff wave vectors in the integration of LDOS. When the multilayer unit cell
thickness is deceased to infinitely small, the calculated Purcell factor approaches the result
based on EMT (black solid curve). It is worth noting that the EMT approximation
overestimates the Purcell factor of QD emission on an actual multilayer structure because
EMT ignores the finite layer thickness and includes infinitely large wave vector modes
contributing to the Purcell factor 1 order of magnitude higher.

To demonstrate the Purcell effect of a metamaterial multilayer, time-resolved
photoluminescence decay measurements of QDs on a multilayer and glass (control) are
conducted. Fig. 2c presents the photoluminescence decay data from QDs on the multilayer
at emission wavelengths of 570, 600, and 650 nm, which show faster decay than that on
the glass substrate. It is also observed that the QD spontaneous emission lifetime at
wavelengths of 600 and 650 nm is shorter compared to that at 570 nm, indicating a stronger
Purcell effect in the ENZ and hyperbolic regions. QD concentration and laser excitation
power are carefully controlled in these experiments at an extremely low level to make sure
the observed photoluminescence decays are very close to single-exponential decays. All
the decay curves at different emission wavelengths are fitted using a modified exponential
relaxation model [30-33]. The fitted decay times for these curves of QDs on the multilayer
(glass) in Fig. 2c are 7.91 (14.44) ns at 570 nm, 8.27 (19.35) ns at 600 nm, and 12.79
(34.10) ns at 650 nm. Fig. 2d illustrates the emission rate enhancement of the multilayer
structure as a function of wavelength, which is obtained by normalizing the QDs’
photoluminescence decay lifetime on the glass substrate with that on the multilayer sample.
The error bar at each wavelength reflects the variation of the measured lifetime at more

than 10 different spots on the sample surfaces. It is shown that the emission rate
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enhancement from all three sets of QDs covering a broad wavelength range increases from
the elliptical to the hyperbolic dispersion region of the multilayer structure. There is some
discrepancy of the measured emission rate enhancement between different sets of QDs
especially at the longer wavelengths, due to different number densities, optical and
chemical environment, and size distribution of QDs originating from the synthesis process.
The emission rate enhancement is also modeled with three-dimensional (3D) finite-element
simulation using the geometric and material properties as detailed in Fig. 1. The simulation
takes into account the dipole position, polarization, and quantum efficiency effects on
emission rate enhancement as a function of wavelength [11, 17, 34, 35]. The simulation
results (hollow triangles in Fig. 2(d) are averaged from 10 vertical dipole positions and
three orthogonal polarizations for each emission, which show excellent agreement with the
measurements.

To further enhance the interaction between QDs and multilayer metamaterials, a
subwavelength grating nanostructure is introduced into the multilayer to provide larger
spatial overlap and enable stronger coupling between QDs inside the grating grooves and
the high-k SPP mode of the multilayer structure [17, 24]. Representative
photoluminescence decays of QDs at two emission wavelengths measured on a multilayer
and multilayer grating are shown in Fig. 3a. We observe that data from both nanostructures
can be fitted by the modified exponential decay model very well, and QDs on multilayer
gratings have shorter decay times compared to QDs on a multilayer. The fitted decay times
for these curves of QDs on a multilayer grating (multilayer) in Fig. 3a are 6.11 (9.97) ns
for 620 nm and 6.53 (12.79) ns for 650 nm. Subsequently, emission rate enhancement of a

multilayer and a multilayer grating structure at all wavelengths covered by QDs emission
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Figure 3. Spontaneous emission enhancement of QDs on multilayer gratings. (a)
Photoluminescence decay measurements for QD emission wavelengths at 620 and 650
nm on a multilayer (blue circle) and a multilayer grating (red circle). (b) Emission rate

enhancement obtained by normalizing the measured QDs’ photoluminescence decay
lifetime on a glass substrate with that on multilayer nanostructures shown by dots,
together with the 3D simulation results averaging from different dipole positions and
polarizations on the nanostructures. (¢) Simulation of emission rate enhancement for x-,
y-, and z-polarized dipole emission at 620 nm at various locations and the average of
three polarizations, labelled as Iso. The x-axis represents the distance starting from the
grating ridge centre (M point) to all the positions along the black line toward the grating
groove bottom (shown in the inset schematic).

is obtained by normalizing the QD photoluminescence decay lifetime on a glass substrate
with that on a multilayer and a multilayer grating, denoted by solid dots in Fig. 3b, together
with the well-matching 3D finite-element simulation results (solid lines). The spatial and
polarization dependence of the emission rate enhancement are also investigated by
simulation of dipole emission at different locations on a multilayer grating as depicted in
Fig. 3c. The position axis measures distances from the QD site 10 nm above the center of
a grating ridge surface toward the grating groove surface and then down to the grating
groove bottom, as illustrated by the black line in the schematic inset of Fig. 3c. The red
dots on that curve denote three QD locations (i, ii, iii) inside the grating groove at the

position of silver layers, and correspondingly three peaks in emission rate enhancement are
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Figure 4. Simulated electric field magnitude distribution of QDs with emission
wavelengths of 550, 610, and 680 nm on top of a multilayer (a) and at 680 nm on and
inside a multilayer grating (b). Three columns of electric field distributions are from
dipole emission with x polarization (X-pol), y polarization (Y-pol), and z polarization (Z-
pol), respectively.

observed with strong Purcell effects at these locations. Moreover, emission rate
enhancement shows different dipole polarization dependence when the emitter is located
on the top of the grating surface and at the bottom of the grating groove. When a QD emitter

is located at the grating ridge center, the contribution from z-polarization dominates the
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averaged emission rate enhancement over x- and y-polarization because the SPP wave in
the multilayer structure can be excited well by the z-polarized dipole. When the emitter
resides in positions (i, ii, iii) inside the groove, emission rate enhancement for the y-
polarized dipole shows a large Purcell effect due to the strong excitation of the high-k
coupled SPP modes in the multilayer gratings. Additionally, as the groove width shrinks,
the coupling gets even stronger, leading to the significantly increased emission rate
enhancement at position (iii).

To show more clearly the influence of an emitter’s positions and polarizations on
the Purcell effect of multilayer metamaterial nanostructures, electric field distributions of
a dipole emitter 10 nm above the multilayer surface and inside the multilayer grating
groove are illustrated in Fig. 4. Fig. 4a shows electric field magnitude distributions inside
a multilayer at three emission wavelengths, 550, 610, and 680 nm, to demonstrate the
increasing LDOS for a dipole emitter on top of a multilayer surface from the elliptical to
the hyperbolic dispersion region. The third column of Fig. 4a shows that the z-polarized
dipole strongly couples to the multilayer and contributes mostly to the Purcell factor. As
emission wavelength moves from the elliptical to the ENZ and hyperbolic regions, the
electric fields from dipole emission penetrate deeper into the multilayer. Fig. 4b presents
the electric field magnitude distribution from an emitter with an emission wavelength at
680 nm on top of and inside the groove of a multilayer grating structure. The electric field
intensity distributions of x-, y-, and z-polarized dipole emission in Fig. 4b correspond to
the emission rate enhancement results shown in Fig. 3c. It is noteworthy that inside the
grating groove Yy polarized dipole emission efficiently excites the high-k coupled SPP

modes across all the metal-dielectric interfaces in the grating nanostructures (as shown in
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the middle plot of the bottom row in Fig. 4b), indicating the enhanced dipole- multilayer
coupling with the y-polarized dipole which provides the major contribution to the high

emission rate enhancement inside the grating groove.

3. CONCLUSIONS

We have demonstrated multilayer metamaterial and multilayer grating
nanostructures with broadband Purcell effects for CdSe/ZnS QD emission. Several-fold
emission rate enhancement is achieved with a large LDOS as the emission wavelength goes
from the elliptical to the hyperbolic dispersion regime across the ENZ region of a
multilayer metamaterial. Multilayer gratings further enhance the QDs’ spontaneous
emission as the QDs located inside the grating grooves strongly interact with high-k
coupled SPP modes. Position and polarization effects on QD emission rate enhancement
are studied to reveal the coupling mechanisms and further engineer the LDOS in
metamaterial nanostructures. Our results provide insight into the understanding of QD-
metamaterial interactions, especially the broadband Purcell effect, LDOS manipulations
with different dispersions, and coupling to the high-k coupled SPP modes, which have the
potential for the development of promising applications in light-matter interactions such as
light-emitting devices [36, 37], nanoscale lasers [38, 39], quantum electrodynamics, and

quantum information processing [40, 41].

4. METHODS

An electron beam evaporation system is used to deposit the multilayer stack on

silicon substrates at the rate of 0.2 A/s for both Ag and SiO2 layers. The designed thickness
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for the Ag and SiO> layer is 10 and 85 nm, respectively. Characterization of the optical
constant of each material is performed with a variable-angle spectroscopic ellipsometer
(VASE, J. A. Woollam Co. VB400/ HS-190). To obtain Ag and SiO2 layer thickness as
denoted in Fig. 1, we measure the reflection spectrum of the multilayer under normal
incidence and fit it using the transfer-matrix method. The grating on a multilayer is
fabricated using focused ion beam milling (FEI Helios Nanolab 600 DualBeam) with a
gallium ion current of 9.7 pA and an accelerating voltage of 30 keV. To prepare samples
for time-resolved photoluminescence measurements, the original CdSe/ZnS QD solution
(QD weight ratio 3%, solvent: chloroform) is diluted with a mixed solution of PMMA
(weight ratio 2%, solvent: anisole), anisole, and chloroform, resulting in a final volume
ratio of PMMA:anisole:chloroform = 1:3:4 and final weight ratios for QDs and PMMA of
0.05% and 0.2%, respectively. Then the diluted QDs-PMMA solution was spin-coated on
surfaces of the multilayer, multilayer grating, and glass samples. The spin lasted for 1 min
with a spin speed of 1200 rpm, resulting in one very thin PMMA matrix layer with an
estimated thickness of 50 nm.

QDs are treated as ideal electric dipoles with internal quantum efficiency #. The
quantum efficiency for QDs is interpolated as a function of wavelength using experimental
values [35]. The Purcell factors experienced by a dipole emitter placed at a distance of d
above the planar multilayer with polarization perpendicular (L) or parallel (ll) to the
multilayer interface are [34]

Fl=1—n+nRefooo%du (1)

o dP
Fy=1-n+nRe [ —ldu 2)
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The two integrands are the normalized dissipated power spectra for the
perpendicular and parallel polarizations of the dipole emitter with respect to that of a dipole
in a vacuum[34]. In the weak coupling regime, the semiclassical theory is equivalent to the
quantum mechanical approach, and the LDOS enhancement and the normalized dipole
dissipated power density are equivalent [12, 26, 34, 42]. The corresponding LDOS

enhancement is[34]

APy _ 3ko (> 2ikyd

du  2kg, (\/8_1) [1 trpeT ] (3)
apy _ EEL{ 2ikyd 4 k2’ [4 _ . ,2ik,d }

du  2kyvE 1+ e + ko> [1 e ] 4)

where ko is the magnitude of the wave vector in a vacuum, u = ky /ko is the

wavevector component parallel to the multilayer surface normalized by the vacuum

wavevector, k, = ko\/e; — u? is the component of the wavevector perpendicular to the
multilayer interface, &; is the relative permittivity for the host material, PMMA, and rps is
the reflection coefficient at the interfaces for a p- or s-polarized wave, respectively. In our
theoretical calculation, the relative permittivity for PMMA (¢&;) is obtained from a
reference, and those for Ag and SiO. are from our own characterization data obtained
during the fabrication process (see Supporting Information). All FEM simulations are
carried out in COMSOL Multiphysics. A point electric dipole is used to simulate the

Purcell factor for a dipole emitter on multilayer nanostructures. Results of the electric

dipole with polarization parallel (PF;) and perpendicular (PFL) to the multilayer surface

are used to get the average Purcell factor: PF;;, = (1/3)PF; + (2/3)PF, where PF; =

1 =1+ 1 (Piraa + Pinonraa)/Po (i =II, L). In the simulation, Po, Pirad, and Pinonrad are
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evaluated as the total dipole emission power into the homogeneous dielectric environment
(PMMA), total dipole radiative power into the far field, and the dissipated power in the
multilayer nanostructures, respectively [11, 17, 34, 43]. To compare with emission rate
enhancement obtained from photoluminescence decay measurements, dipole emitters at
different heights away from the top surface of the multilayers and at different locations
inside the multilayer grating grooves are considered in the simulations.

QDs’ spontaneous emission lifetime is measured by using a time-correlated single
photon counting system (PicoQuant Photonics). A picosecond-pulsed excitation source is
operated at an emission wavelength of 402 nm, minimum pulse width of 52 ps, repetition
rate of 10 MHz, and mean excitation power of 0.25 pW measured at the entrance to an
objective lens (NA 0.5). This objective lens was used to couple both excitation to and
emission from the QDs. A single photon counting module was synchronized with the
pulsed excitation source to obtain the time-resolved photoluminescence intensity of the QD
emission, by detecting the emission signals from an optical fiber mounted on the side exit
slit of a spectrometer (Horiba IHR550). The QDs’ emission spectra are obtained from a
liquid N2 cooled CCD detector.

The spontaneous emission lifetime of the QDs on the multilayer sample and glass
substrate are obtained by fitting the experimental photoluminescence decay data using a
modified exponential relaxation model [30-33]:

1(t) = Iye=@/F 1, (5)

where 7t is the decay lifetime after which the photoluminescence intensity I(t)
exponentially drops to 1/e of its initial value lo. The modification parameter f describes the

deviation of a realistic multiexponential photoluminescence decay measured in
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experiments from an ideal single-exponential decay model that recovers when g = 1. The
stretched exponential relaxation model is a common choice to fit multicomponent
exponential decays such as QD emission presented in this study [30]. Photoluminescence
decay data within the full delay time limit (100 ns) are used in the curve fitting with eg. 5.
The fitted g values for the photoluminescence decay curves of QDs on a multilayer (glass)
in Fig. 2c are 1.10 (0.94) at 570 nm, 1.09 (0.94) at 600 nm, and 1.02 (0.97) at 650 nm. The
fitted B values for QD decay curves on a multilayer grating (multilayer) in Fig. 3a are 1.00
(1.07) at 620 nm and 0.98 (1.02) at 650 nm. The coefficients of determination (R-squared)
for all these curve fittings are very close to 1 (ranging from 0.975 to 0.997), indicating the
model (eq 5) fits all data very well. Berbera Santos et al. [30] have proved that the ensemble
average emission rate constant can be described as f/z. Because all our fitted 5 values are
very close to 1, the emission rate enhancement is obtained from the normalized fitted decay
lifetime in the current study to demonstrate enhancement effects of the multilayer

nanostructures for all possible QD emission channels.
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Iv. SCALING LAW OF PURCELL FACTOR IN HYPERBOLIC
METAMATERIAL CAVITIES WITH DIPOLE EXCITATION
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ABSTRACT

To control the spontaneous emission rate of dipole emitters, resonant cavity is widely
used to provide large electromagnetic mode confinement and thus results in the enhanced
Purcell effect. Here, hyperbolic metamaterial cavities with different wavevectors are
designed to have identical fundamental mode at the same resonant frequency. The anomalous
power law for the Purcell factor of cavity wavevector is investigated with dipole excitation.
Different from conventional photonic and plasmonic cavities, a fifth power law PF ~ (k/ko)®
for small wavevectors and a square law PF ~ (k/ko)? for large wavevectors have been
demonstrated. The unique optical properties and Purcell factor scaling law of hyperbolic
metamaterial cavities will greatly benefit the applications in cavity electrodynamics,
quantum optics, single photon sources, on-chip quantum computing and circuits.

Keywords: Metamaterials; Multilayers; Quantum optics; Subwavelength

structures, nanostructures; Resonators.
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1. INTRODUCTION

Control of spontaneous emission of emitters such as quantum dots [1-3], molecules [4],
color centers [5], etc. plays an important role in the study of non-classical light emission,
fluorescence detection, quantum optics and quantum information processing [6-12]. According to
Purcell effect [13], spontaneous emission rates of single emitters can be modified by photonic and
plasmonic cavities [14-16] which possess both high quality factors and small electromagnetic mode
volumes. Recently, hyperbolic metamaterials have drawn a lot of attentions due to the large
photonic density of states supported in the metamaterials [17-22]. In addition, hyperbolic
metamaterial cavities in infrared frequencies have been realized to offer ultrahigh mode refractive
indices and small mode volumes [23-25]. Quite different from previously studied photonic and
plasmonic cavities, one unique optical property of hyperbolic metamaterial cavities is that, along
the hyperbolic dispersion curve, a series of nano-cavities with different resonating wavevectors k
can be designed to have the same resonant frequency. It provides us an opportunity to study the
scaling law for the Purcell factor of the resonance wavevector at a fixed resonant frequency of the

cavities (i.e., the emission frequency of the emitters).

2. HYPERBOLIC MULTILAYER NANO-CAVITY DESIGN

A schematic of two-dimensional (2D) hyperbolic multilayer nano-cavity is shown in Fig.
1(a), where the multilayer consists of alternative 4 nm Au and 6 nm Al,Os layers (40% fill ratio of
gold). The permittivity of Au is described by the Drude modele,,, = €, — wj/(w? + iwy), with
permittivity constant ., = 1, plasma frequency w, = 1.37 x 10*®rad/s and dampling factor
¥y = 4.08 x 103 rad/s. The dielectric constant of AlLOs is &; = 2.28 . The multilayer

metamaterial permittivity can be described using the effective media theory (EMT) [19] with a
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uniaxial dielectric tensor £(7) = diag(eyx, €5y, €22) [15, 31], where &, = &), = pey, +

(1 —p)eg, €2 = Emea/ (1 — ey, + pey], pisthe fill radio of metal, em and eq is permittivity

of metal and dielectric respectively. When the extraordinary (TM-polarized) wave propagating in

strongly anisotropic metamaterial, iso-frequency contour (IFC) can be drawn according to the

following equation [17]:
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Figure 1. (a) Schematic of 2D multilayer nano-cavity made of alternate Au (4nm) and Al.Os
(6nm). Period of the multilayer is denoted by a, and dipole emitter is illustrated by the red dot. (b)
IFC for multlayer metamaterials calculated from FFT (bronze colored lines) and EMT (white

lines) at wavelngeth of 850 nm. The yellow circles represent the extracted resonating
wavevectors of the designed cavity modes and the green circle represents the light cone of

vacuum. (c) Eigen mode magnetic field distribution for cavity with size (82.2 nm <60 nm). (d, €)
The magnetic field profiles along the horizontal and vertical middle line of eigen mode are fitted

to extract the wavevectors inside each cavity.
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Within the interested wavelength range of a typical quantum dot dipole emitter, for
example at 850 nm, real part of the permittivity principal components of the multilayer
metamaterials have opposite signs, which leads to the hyperbolic IFC as shown in Fig. 1(b) (white
lines). For multilayers with finite layer thicknesses, optical nonlocality leads to the effective
permittivity tensor that is not only related to the frequency but also to the wavevector [26]. The IFC
considered the nonlocal effect can be obtained by spatial Fourier analysis(FFT) of the electric field
excited by a dipole emitter placed inside the multilayer [27], shown as bronze colored lines in Fig.
1(b) . In the low k region (k << 2w/a), the IFC calculated from EMT matches with the Fourier
analysis. In the high k region where the wavelength gets close to the period of the multilayers, the
dispersion curve deviates from the effective medium calculation at the edge of the first Brillouin
zone [23, 27]. Metamaterials with hyperbolic IFCs can support very large wavevectors and optical
density of states, which will strongly enhance light-matter interaction such as spontaneous emission
[17,19]. Furthermore, nano-cavities can be designed based on hyperbolic multilayer metamaterials
with extreme large refractive index and ultrasmall mode volume [27]. As illustrated in Fig. 2(a), a
series of ten 2D nano-cavities consisting of 4 to 13 pairs of Au-Al>Oz layer (corresponding to cavity
height H from 40 nm to 130 nm) are designed with identical fundamental resonances at 850 nm.
The top and bottom layer is set to Al.Os with half the normal dielectric layer thickness as 3nm to

protect the Au layer. The cavity width W can be approximately expressed as w ~

2/ J le, [(w?/c? — n2/(|¢|H?)) according to the EMT and dispersion relation [28]. Further tunings of

the cavity widths are performed in the Eigen-frequency analysis with the approximated W values
as initial design parameter, and the final geometric dimensions of the nano-cavities are optimized
in order to ensure that a series of nano-cavities with different sizes all support fundamental resonant

mode at 850nm. For example as shown in Fig. 1(c), Eigen-frequency analysis gives the width
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design of 82.2nm for cavity with height of 60nm, and the magnetic field distribution of the
fundamental Eigen mode is presented. Wavevector kx and kz of the cavity mode can be extracted
by fitting the magnetic field profiles along the middle cut lines in Fig. 1(c) with H,, (x,z) =
Ajcos(kyx + @1)A,cos(k,z + @,),asshowninFigs. 1 (d-e). Yellow circles in Fig. 1(b) marks
all the extracted wavevectors for all the designed cavities, which coincide with the multilayer

hyperbolic IFC very well.

3. SCALING LAW OF PURCELL FACTOR

Purcell effect is the enhancement of a quantum emitter’s spontaneous emission rate by its
environment [14]. The Purcell factor (PF) defined as the ratio between the modified spontaneous
emission rate ysg in nanostructures and free-space y,, can be obtained by [29]

PF=1-n+n(P/Py) (2)
in full wave electromagnetic simulation, where P(P,) is total emission power from the dipole
emitter including both the radiated and dissipated power in nanostructures (free space) calculated
by integrating the power flow through the boundaries and 1 is internal quantum efficiency ( we set
it to unity for our calculation) [17, 19]. In order to investigate the scaling law for Purcell factors of
wavevectors, for each designed nano-cavity, an electric dipole emitter with dipole moment along z
direction is placed inside the cavity and total dipole emission power is calculated with FEM
simulation. The position of the dipole is chosen to be in the middle dielectric layer where the
maximum of electric field locates, as illustrated in Fig. 1(a). Under dipole excitation, identical
fundamental modes have been excited at 850 nm as confirmed by the electric field and magnetic
field distributions of each cavity presented in Fig. 2. Taking the ratio of total emission power from

the dipole inside the nano-cavity and in free space, Purcell factors as a function of the resonating
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wavevectors of a 2D cavity mode are plotted in Fig. 3(a), where red circle and square represent the
cases with ideal lossless metal and realistic lossy metal respectively. We can observe that a clear
fifth power scaling law of PF ~ (k/ko)® can be seen in the log-log plot (red dashed line) for lossless
case. When metal loss is considered, the Purcell factor scaling law still follows the fifth power for
small wavevectors however PF ~ (k/ko)? is presented for large wavevectors shown as the black
dashed line. The results reveal that for hyperbolic metamaterial nano-cavities which support very
large wavevectors and high mode indices, Purcell factors grows rapidly and follow distinct scaling
laws in the large and small wavevector regions.

In order to further understand the underlying physics about the scaling law and compare to
the case of conventional optical cavities, quality factors and mode areas of hyperbolic metamaterial
2D nano-cavities are investigated as a function of resonating wavevectors, and Purcell factors can

be evaluated by the following equation[14]:

PF == (i)z g (ﬂ 6059)2 (3)

72 \n) A \|Emax!

where n is effective refraction index, 4 is wavelength in vacuum, Q is the cavity quality
factor, A is the cavity mode area, E is the electric field at the position of the emitter, and O is the
angle between the dipole moment and the local electric field. The mode area A is defined as the

ratio of electromagnetic energy in the entire space over the maximum electromagnetic energy
density[30, 31], 4 = [f s(?)|§(?)|2d2?]/max [s(?)|§(?)|2]. As shown in Fig. 2(a), most of

the electromagnetic energy is confined inside the cavity due to the extremely high refractive mode
index, but the cavity corners still scatter high k waves and result in radiation energy loss. Total
energy in the entire space is integrated across all the simulation area (~ 1.5 pm 1.5 pm), which is

large enough compared to the cavity size and sufficient to include all the electromagnetic energy.
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The maximum energy density is found at the middle dielectric layer where the electric dipole is
also placed. Fig. 3(b) shows the relation between mode area and wavevector for all cavities in a
log-log plot. The scaling law of A ~ (k/ko)? (red dashed line) is shown. The relationship between

mode volume and wavevector in 3D situation will follow a third power law as expected [32].
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Figure 2. Fundamental electric (a) and magnetic (b) mode excited by an electric dipole placed
inside each cavity. The electric dipole is positioned at the middle dielectric layer where the
electric field is the maximum. All cavities are resonating with fundemental mode order (1, 1) at
850 nm.

To examine the quality factor of each designed nano-cavity, emission spectrum from an
electric dipole from 750 nm to 1000 nm is obtained and fitted with the Lorentzian function [27].
The total quality factor is calculated by Q;,; = w/Aw, where w is the cavity resonance frequency

and Aw is the full width at half maximum of the spectrum. As shown in Fig. 3(c), Quwt gradually
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increases and approaches to a constant of ~70 with the increase of wavevector. Both radiation and
absorption contribute to the total quality factor 1/Qtt =1/Qrad + 1/Qans, however Qrag dominates
when there is no metal loss while Qass determines the upper bound when realistic metal loss and
absorption is considered. Green triangles in Fig. 3(c) depicts that Qabs is almost a constant and is
independent of wavevector since absorption is strongly related to the material loss rather than the
cavity geometry. However in contrary to the conventional 2D cavities, Qrad Scales inversely with
the cavity size and is proportional to the wavevector following a third power law, giving Qrad ~
(k/ko) as the red dashed line shows. This is because larger refractive mode index is supported and
less radiation energy leaks out of cavity with increasing wavevectors for hyperbolic metamaterial
nano-cavities [23]. This relationship can also be understood as Qrad ~ Noiad, Where arad is radiation
loss due to total internal reflection which is proportional to (k/ko)? in two dimensions and n is
proportional to k/ko, S0 Qrad is linear proportional with (k/ko)® [14, 27]. Thus at small wavevectors,
Qut follows the (k/ko)® scaling law as Qrag, and gradually approaches Qans When k/koincrease.

Purcell factors can be obtained by Eq. (3) with the calculated quality factor and mode area,
showing as the black up- and down- pointing triangles in Fig. 3(a). When the size of the cavity
decreases and the corresponding wavevector increases, mode area of each cavity decreases but
quality factor increases, which lead to the increase of Purcell factor. Without metal loss, a universal
fifth power law PF ~ (k/ko)® for the Purcell factor of the wavevector is demonstrated, agreed very
well with the emission power ratio calculation. When metal loss and absorption is considered, at
small wavevectors, the Purcell factor scaling law follows a fifth power law because radiation
dominates the quality factor in this regime; while at large wavevectors, the scaling law follows a
square law PF ~ (k/ko)* as the black dashed line indicates. The reason is that huge moment

mismatch between the cavity and free space reduces the radiation loss and the absorption dominates
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the quality factor in the high k regime. Also most of the Purcell effect enhanced total dipole
emission power radiates out from the cavity into far-field in small k regime but dissipates inside
the cavity in the high k regime. Although the simulation is carried out in 2D, the relationship
between Purcell factor and wavevector in 3D will follow a seventh power law with small
wavevectors (Qrad ~ Norad ~ (Kfko)* and V~ (k/ko)) and approach to a third power law with large

wavevectors, as predicated from the 2D results.
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Figure 3. (a) Purcell factors of hyperbolic metamaterial nano-cavities as a function of k/ko. The
red square and dot represent the Purcell factors calculated by total emission power with and
without metal loss. The black up- and down- pointing triangle represent the Purcell factors

calculated by Eq. (3) (b) Mode area as a function of wavevector. (c) Red dots represent Qrad With
the unique scaling law of Qraa~ (k/ko)®. Black squares and green triangulars represent Qet and

Qabs-
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Furthermore, the dependences of Purcell factors on the dipole positions and moment
orientations are investigated to reveal the possible experimental situations when quantum dots
couple to the nano-cavities with random orientations and at varies positions as shown in Fig. 4(a).
Fig. 4(b) shows that Purcell factor reaches maximum when dipole locates at the electric field
maximum and dipole moment is aligned parallel to the electric field Ez, and decreases when the
dipole moment rotates due to the inefficient coupling to the cavity mode. Figs. 4(c, d) show the
Purcell factor drops when diploe is placed on top of nano-cavity and vanishes when dipole moves
along the x/z direction to the locations where electromagnetic fields are very weak. The calculated
Purcell factors from emission power ratio agree very well with the Cos function and electric field

distribution terms explicitly shown in Eq. (3).
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4. CONCLUSION

Anomalous power law for the Purcell factors has been demonstrated for hyperbolic

metamaterial cavities with dipole excitation. Contrary to conventional optical cavities, identical

fundamental resonance mode is supported in a series of hyperbolic multilayer nano-cavities with

different resonating wavevectors. A fifth power law PF ~ (k/ko)® for small wavevectors and a square

law PF~(k/ko)? for large wavevectors have been shown for 2D hyperbolic cavities. The Purcell

factors calculated from emission power ratio can be understood well from the scaling laws for

quality factor and mode area of the cavity mode. The results provide a new aspect for investigating

Purcell factors in hyperbolic metamaterial cavities, and could be of great interest for nanophotonic

applications including cavity quantum electrodynamics, single photon sources, optical

nonlinearities, optomechanics, fluorescence biosensing, and quantum communication.
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ABSTRACT

Metamaterial perfect absorbers made of hexagonal array of holes on Ag-SiO.-Ag
thin films have been realized and utilized to enhance the spontaneous emission rate and
photoluminescence intensity of CdSe/ZnS quantum dots spin-coated on the absorbers top
surface. Perfect absorption of incoming light happens at the wavelength where the
impedance is matched to that of the free space. When QDs strongly excite both the electric
and magnetic resonances at this perfect absorption wavelength, significant Purcell effect
on the spontaneous emission process and enhanced radiative outcoupling of
photoluminescence intensity are expected. For perfect absorbers with near-unity absorption
at the QDs emission wavelength of 620 nm, 5-fold Purcell enhancement of spontaneous
emission rate and 3.6-fold enhancement of photoluminescence intensity are demonstrated
in the time-resolved photoluminescence experiments, which are in good agreement with
three-dimensional finite-difference time-domain simulation. These results will advance the
understandings and applications of the metamaterial PAs-based light harvesting and

emitting devices.
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1. INTRODUCTION

Semiconductor quantum dots (QDs) emitters are widely used in various photonic
and optoelectronic applications such as light-emitting devices [1], solar cells [2, 3],
photodetectors [4], nano-lasers [5], single-photon sources [6], and photorefractive devices
[7, 8]. Enhancing the spontaneous emission rates of QDs is essential for the fundamental
research of quantum electrodynamics [9], and also important for the advances in single
photon sources, low-threshold photonic and plasmonic lasers [10]. QDs spontaneous
emission can be manipulated by engineering the local density of optical states and the
cavity Purcell effect [11]. Over the past years, various optical nanostructures including
nano-cavities [12-14], photonic crystals [15-17], plasmonic nano-antennas [18, 19] and
metamaterials [20-23] have been extensively studied for the enhancement of the
spontaneous emission rate and the photoluminescence radiative efficiency. Recently,
metamaterial perfect absorbers (PAs) have drawn much attentions due to their capability
to efficiently absorb light with subwavelength unit cells and have been widely used in many
applications such as thermal photovoltaics [24], thermal emitters [25], sensors [26, 27] and
color printing [28-31]. Perfect absorption arises from the presence of both electric
resonance and magnetic resonance which results in the matched impedance to the free
space. The impedance match condition implies that the radiative damping and resistive
damping are identical for the eigenmode in perfect absorber devices [32, 33]. Coupling
with metamaterial PA eigenmodes which have equal resistive dissipation and radiative
outcoupling, QDs emitters will experience strong plasmon-exciton interactions and

optimized radiative outcoupling at the desired wavelength, resulting in shortened QDs
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photoluminescence decay lifetimes, large spontaneous emission Purcell factors and
enhanced far-field photoluminescence intensity.

In this letter, the enhancement of spontaneous emission rate and photoluminescence
intensity of CdSe/ZnS QDs coupled with metamaterial perfect absorbers was
demonstrated. Metamaterial PAs made of hexagonal array of holes on Ag-SiO2-Ag thin
layers with near-unity perfect absorption were realized, and the PA resonance wavelengths
can be tuned across 200 nm in the visible wavelength range by changing the period and
hole radius of the unit cell structure. CdSe/ZnS QDs in polystyrene thin layer was spin-
coated on the surface of the metamaterial PAs. Time-resolved and spectral-resolved
photoluminescence measurements were performed to characterize the spontaneous
emission rate and photoluminescence intensity from the QD-PA devices. For the on-
resonance PAs with high absorption at the QDs emission wavelength, 5-fold Purcell
enhancement of spontaneous emission rate and 3.6-fold enhancement of
photoluminescence intensity were observed. Numerical simulations of the emission rate
and intensity enhancement, as well as the dipole-excited electric and magnetic field
distributions, were carried out with 3D finite-difference time-domain (FDTD) method,
which agrees well with the experimental findings. This work not only has shown the
enhanced QDs spontaneous emission rates when the dipole emitters strongly couple to the
on-resonance perfect absorbers, but also has revealed that maximum photoluminescence
intensity enhancement is achieved at the same time due to the satisfied impedance match
condition for the PA eigenmode with balanced resistive dissipation and radiative
outcoupling at the resonance wavelength. The results pave the way to the understanding of

enhanced QDs spontaneous emission and radiative outcoupling processes in the
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metamaterial perfect absorbers, also the advancement of metamaterial PAs-based
applications in light harvesting, light-emitting devices, solar cells, photodetectors, optical

sensors, nano-scale lasers and single-photon sources.

2. MATERIALS AND METHODS

Fig. 1 (a) shows the three-dimensional schematic of metamaterials PAs with
hexagonal array of holes patterned on the top silver layer of the Ag-SiO2 -Ag three-layer
structure. The bottom 100nm Ag layer is deposited using an electron-beam evaporator
system on top of a silicon wafer. The 45 nm SiO2 spacer and the top 25 nm Ag layer are
then deposited with sputtering method (Kurt J. Lesker), where Ag is deposited at the rate
of 0.4 A/sec and SiO is deposited at 0.2 A/sec. The optical constant of both materials and
the film thicknesses are characterized with the variable angle spectroscopic ellipsometry
(VASE, J. A. Woollam Co. VB400/HS-190). A layer of polystyrene mixed with CdSe/ZnS
QDs [34] is spin-coated over the PAs surface. A one-step Focused lon Beam (FIB) milling
(FEI Helios Nanolab 600 Dual Beam, 30 KV, 9.7 pA) is used to fabricate the nanostructures,
and Fig. 1 (b) presents the typical scanning electron microscope (SEM) cross section view
of the PAs. By changing the structure period P and hole radius r, the PA resonance
frequency can be tuned across the whole visible frequency region [35]. In order to match
the QDs emission wavelength at 620 nm, PA2 with period P of 230 nm and hole radius r
of 65 nm is designed to be on-resonance with the QDs emission and the SEM image is
shown in Fig.1 (d). Three other PAs with absorption resonances detuned from the QDs

emission wavelength are also designed and fabricated, and the SEM images are shown in
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Fig. 1(c, e, f) with different lattice geometrical parameters (c: P = 155 nm, r =40 nm; e: P

=280 nm, r =80 nm; f: P =315 nm, r =90 nm).
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Figure 1. (a), Schematic view of metamaterial PAs made of hexagonal array of holes on
the Ag -SiO -Ag three-layer structure with the spin-coated QD-polystyrene film. (b),
SEM cross section of metamaterial PA fabricated by FIB with period of 230 nm and hole
radius of 65 nm. (c-f), SEM images of four structures with different lattice geometrical
parameters (c: P =155 nm, r =40 nm; d: P =230 nm, r = 65 nm; e: P =280 nm, r = 80
nm; f: P =315 nm, r = 90 nm).

Reflectance spectra of the fabricated four metamaterial PAs are measured by a
home-built microscope with a halogen lamp and a fiber-coupled spectrometer, and the plots
are shown in Fig.2 (a-d) respectively. Narrow resonances with nearly perfect absorption
and very low reflectance are obtained at 524 nm, 618 nm, 683 nm, and 737 nm respectively
for the device PA1, PA2, PA3 and PA4 covered with QDs layer. The gray shaded area
(PLo) in Fig. 2 represents the photoluminescence emission spectrum of CdSe/ZnS QDs

centered on 620nm. As depicted clearly, the absorption resonance in the reflectance

spectrum of PA2 with period 230 nm and radius 65 nm matches with the QDs emission
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Figure 2. Measured optical reflectance spectra of QD-polystyrene coated metamaterial
PA1 (a), PA2 (b), PA3 (c) and PA4 (d) with different geometrical parameters as designed
and fabricated in Fig.1. The red dashed lines are simulated reflectance spectra using the
FDTD method.

wavelength perfectly with nearly perfect absorption (A = 0.95) and nearly zero reflectance
(R = 0.05); while the resonance of PAL (PA3) is blue-shifted (red-shifted) relative to the
center of the QDs emission and the absorption is 0.33 (0.35) at 620 nm. PA4 is largely off-
resonance and the absorption at the QDs emission wavelength is very low (A = 0.13).
Notably, perfect absorption of incoming light in PA2 at 620 nm arises from the presence
of both electric resonance and magnetic resonances which results in the matched
impedance to the free space [33]. Therefore, the coupling strength between QDs and the
PA resonant mode, which plays an essential role in the QDs emission process, is greatly

enhanced. The on-resonance PA2 is expected to have the most significant Purcell effect
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which leads to the largest spontaneous emission rate among the four designed devices, as
well as the maximum radiative outcoupling and photoluminescence intensity enhancement
when working with impedance match condition. The red dashed lines in Fig. 2 are
simulation results using FDTD method, which agree very well with the measured

resonance wavelengths and reflectance spectra.
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Figure 3. Normalized TCSPC histograms and fitting results for QDs photoluminescence
decays on the four metamaterial PAs and glass substrate.

To demonstrate the Purcell effect of the metamaterial perfect absorbers, time-
resolved photoluminescence decay measurements of QDs on the PAs and glass substrate
(control) are carried out using a time-correlated single photon counting (TCSPC) system
and a 402 nm picosecond pulsed laser with 0.25 W excitation power. Fig. 3 (a-d) shows

the photoluminescence decay data from QDs on the four PAs at emission wavelength of
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620 nm, where faster decays are observed on the four PAs than that on the glass substrate.
It is also observed that the photoluminescence decay on PA2 is faster compared to that on
other PAs, indicating a stronger Purcell effect of the on-resonance PA2 with nearly perfect
absorption. Spontaneous emission decay lifetime of the QDs is obtained by fitting the
experimental photoluminescence decay curves using a two-exponential relaxation model
[20, 22] and averaged from ten measurements for each PA designs. For on-resonance PA2,
the photoluminescence firstly decays with a shorter lifetime of t; ~ 4.28 0.06 ns which is
attributed to the QDs strongly coupled to the PA resonant mode and slows down to a longer
lifetime of t> ~ 32.04 +0.97 ns which is determined mainly by those QDs away from the
PA surface, whereas the QDs decay on the glass substrate control sample shows a similar
long lifetime of to~ 20.88 #0.01ns. The shortened QDs decay lifetime on device PA1, PA3
and PA4 are 477 =0.12 ns, 4.81 £0.09 ns and 5.89 *=0.11 ns respectively. Fig. 4(a)
illustrates the emission rate enhancement of the four PAs, which is obtained by normalizing
the QDs decay lifetime to on the glass substrate with the decay lifetime t1 of QDs coupled
to the PAs. Five-fold emission rate enhancement from PAZ2 is shown, which is the largest
among the four devices. The strengthened coupling between QDs and PA resonant mode
in PA2 with perfect absorption and impedance match at 620 nm contributes to the enhanced
spontaneous emission rate in the measurement. For PA1 and PA3 with absorption of 0.33
and 0.35 at 620nm, similar level of emission rate enhancement (~4.3) is observed.
However, small emission rate enhancement is reported for the most off-resonance PA4 due
to the weak coupling strength between QDs and the PA mode in this device. The emission
rate enhancement is also modeled with 3D FDTD simulation and averaged from electrical

dipole emitters with three orthogonal polarizations and at 28 different positions (in first
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quadrant due to symmetry) located 15 nm above the PAs surface. The simulation results in

Fig. 4(b) show excellent agreement with the experiment results for the comparison of QDs

emission rate enhancement on the four PAs.
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Figure 4. Experiment and simulation results for spontaneous emission rate enhancement
(a, b) and photoluminescence intensity enhancement (c, d) of the four metamaterial PAs
coupled with QDs at 620 nm.

In order to understand the enhancement effect on photoluminescence intensity

radiated from the PAs, photoluminescence spectra from the four QD-PA devices is

measured by a Horiba spectrometer and a liquid N2 cooled CCD. Photoluminescence
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Figure 5. Top (a) and side (b) views of magnetic field intensity distribution excited by a
z-polarized electric dipole emitter at 620nm, located at the center of the hole and 10nm
above the surface of the four PAs. (c-d) shows the top and side views of electric field
intensity distribution.

intensity from the four PAs at 620 nm is obtained and the intensity enhancement is shown
in Fig. 4(c) by normalizing to the QDs photoluminescence intensity on glass substrate. The
on-resonance PA2 shows the largest photoluminescence intensity enhancement ~ 3.6
among the four devices, resulting from both enhanced QDs emission rate and radiative
outcoupling when QDs couple strongly with the PA resonant mode with impedance match
condition. Simulation results of photoluminescence intensity collected within the
collection angle 33.4 degree (corresponds to the objective lens NA = 0.55 used in
experiment) at a far-field plane from the PAs surface normalized by that from glass
substrate are presented in Fig. 4(d), which also agrees with the observations in the
experiment observations. It is worth mentioning that the general trend of spontaneous
emission rate enhancement and photoluminescence intensity enhancement for the four PAs

devices is more or less the same with the trend of PAs absorption, which suggests that the
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QDs spontaneous emission process and the radiative outcoupling are greatly enhanced in
the metamaterial PAs with high absorption and impedance match at the desired emission
wavelength.

To show more clearly the excitation of the absorption resonances in the
metamaterial PAs by QDs emitters and the efficient outcoupling from the QD-PA devices,
electric and magnetic field intensity distributions are illustrated in Fig. 5 with the excitation
from an electric dipole emitter with dipole moment along the vertical z direction and
emission wavelength of 620 nm. The top view cut at the middle of the top silver layer is
shown in Fig. 5(a, ¢) and the side cross-section view is presented in Fig. 5(b, d). As
expected, the dipole emission strongly excites the electric and magnetic resonances in PA2,
and both the intensive electromagnetic resonant mode confinement and the strong radiative
outcoupling contribute to the observed spontaneous emission rate enhancement and
photoluminescence intensity enhancement in the experiment. Furthermore, simulations
also verify that placing QDs in the middle of SiO2 spacing layer at the locations of the
electromagnetic fields maxima will result in stronger exciton-plasmon coupling and larger

Purcell factors.

3. CONCLUSIONS

We have experimentally demonstrated the enhancement of CdSe/ZnS QDs
spontaneous emission rates and photoluminescence intensity with metamaterial perfect
absorbers, which consist of hexagonal array of holes on a Ag-SiO2-Ag thin films through
rational design, and possess near-unity absorption at the QDs emission wavelength.

Numerical simulations of the emission rate and intensity enhancement on the four studied
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QD-PA devices, as well as the electromagnetic fields distribution under dipole emitter
excitation, have been conducted to assist the comprehensive understanding of the
experimental observations. The enhanced plasmon-exciton couplings between the emitters
and PA resonate modes provides the possibility of controlling the QDs emission processes
towards the useful applications in the metamaterial PAs-based light harvesting and emitting

devices.
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ABSTRACT

Chirality is a fascinating geometrical property that chiral object and its mirror
image cannot coincide with each other by rotational or translational operation. Both light
and material can be chiral and their interaction such as circular dichroism have been
investigated intensively. However, the control of chiral spontaneous emission of dipole
emitters still remains open. We designed and demonstrated theoretically and
experimentally a chiral-selective plasmonic absorber based on tilted ellipse array on
trilayer to control the chiral spontaneous emission property of dipole emitters such as
quantum dots. The associated chiral-selective absorption band that strongly absorb one-
handed circular polarized light and reflect the other results in significant circular dichroism.
By position the QD on the top of metasurface, we demonstrate a sharp difference in their
interaction with the right-hand polarized (RCP) and left-hand polarized (LCP) metasurface
modes. The difference in RCP and LCP spontaneous emission lifetime and
photoluminescence intensity were demonstrated experimentally. Theoretical mode
analysis were conducted to explain the mode coupling mechanism. Our observations of

chiral mode engineering for spontaneous emission control enable a variety of promising
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applications in active polarization manipulation, chiral imaging and sensing, chiroptical

spectroscopy, Stereochemical enantiomer sensors.

1. INTRODUCTION

Chirality has long been investigated in various subjects such as physics, chemistry,
mathematics and biology [1]. According to the definition by Lord Kelvin, chirality is a
fascinating geometrical property that chiral object and its mirror image cannot coincide
with each other by rotational or translational operation[2]. The two enantiomorphs of a
chiral object have left- and right-handed version that possess the same chemical and
physical properties but different response on circular polarized light which can be
represented by the superposition by two independent linear polarized light by the phase
difference of 90 degree. Extensive research has been performed on the interaction between
circular polarized light and chiral object, but research on controlling of chiral spontaneous
emission of dipole emitters is limited. The control of spontaneous emission of dipole
emitters on photonic structures relies on enhanced light-matter interactions named Purcell
effect due to highly localized electric field and longer interaction time, i.e., small mode
volume and high quality factor [3, 4]. Material with large optical chirality is desired for
such a purpose because the chiral material provide higher density of state for one circular
polarized photon than that of the other and thus the dipole emitter emits more
corresponding circular polarized than the other. For natural materials, optical chirality is
usually very weak, thus chiral metamaterials that has large chiral dichroism (CD) has been
widely investigated in recent years. Metamaterial and metasurface consist of nondiffracting

subwavelength array of structures act as meta-atom have been developed for several years
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widely used in many applications such as negative refractive and epsilon-near-zero
metamaterials[5, 6], perfect absorbers[7, 8], and color printings[9, 10]. 3D metamaterials
always show large chiral optical response can enhance chiral optical response for several
orders of magnitude than natural material, but the fabrication process is complicated which
significantly reduce their application potentials[11]. 2D metasurface as a new emerging
materials which use metallic nanostructure localized surface plasmon resonances to create
chiral metamaterials that have high sensitivity to circular polarized light could significantly
simplify the fabrication process and inheritable compatible with Complementary metal—
oxide—semiconductor (COMS) process [12-16]. The 2D chiral plasmonic metasurface can
enormously enhance chiral spontaneous emission due to strong field confinement and the
ability to support good coupling to free space.

In this paper, we have designed and demonstrated the tilted ellipse array on Au-
SiO2-Au trilayers that has large CDR at visible wavelength for the first time. Maximum
absorption of selected circular polarized light exceeding 80% associated with CDR over
0.65 at 725nm were achieved experimentally. To tailor the chiral spontaneous emission of
dipole emitter, we spin coated the CdSe/ZnS quantum dots[17, 18] loaded in polymer on
the top of chiral metasurface and measured the spectral resolved and time resolved LCP
and RCP photonluminescence (PL). The high CDR which originates from the circularly
dichroic mode coupling process greatly facilitate the control of chiral spontaneous emission
and the circular dichroism of photonluminesce (CDPL) as much as 0.1 was observed which
match our expectation. Mode analysis and PL simulation was performed using finite
element method in order to further elucidate this chiral optical mechanism. This coupling

mechanism opens a new opportunity to control the spontaneous emission of dipole emitters
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and this kind of chiral metasurface can greatly benefit the sensing and generation of circular
polarized light. Particularly, the negative structure allows for inherent electrical connection
among all elements which greatly facilitate the optelectric device design. At the same time,
our design offer simple fabrication and low cost manufacturing method. This pave the way
towards novel functional chiroptical devices such as chiroptical spectroscopy,

Stereochemical enantiomer sensors, and chiral-selective thermal emitters.

(a) (b) EntA EntB

Figure 1. (a) 3D schematic of ellipse array multilayer structures consists of 45 nm top Au,
100 nm SiO2 spacer and 130 nm Au reflector on silicon base. (b) Parameter of tilted
ellipse enantiomer A and B with period Px and Py. Ellipse short and long axis are noted
asaand b. @ is ellipse tilted angle. (c) Top view of SEM picture of two enantiomers. (d)
Tilted view at 53 degree of SEM picture of two enantiomers.

2. CHIRAL METASURFACE DESIGN AND CHARACTERIZATION

Fig. 1 (a) shows the three-dimensional schematic of chiral metasurface with tilted
elliptical hole arrays patterned on the top Au layer of the Au-SiO2-Au multilayer stack. An

electron beam evaporation system is used to deposit the multilayer stack on silicon
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substrates. Top view schematics of the two enantiomers A and B are shown in Fig. 1(b),
where the unit cell periods Px = 300 nm, Py = 400 nm, semi-minor axis of the ellipse a =
200 nm, semi-major axis of the ellipse b = 300 nm, and ellipse tilted angle & = 20° (-20°)
for enantiomer A (B). The tilted elliptical arrays are fabricated on the top Au layer via
focused ion beam milling (FEI Helios Nanolab 600 Dual Beam) with a gallium ion current
of 9.7 pA and an accelerating voltage of 30 KeV. Scanning electron microscope (SEM)
images in Fig.1 (c-d) present the top views and cross-section views of the fabricated chiral
metasurfaces with arrays of two enantiomer A and B.

The reflectance spectrum (Fig. 2 (a, b)) of chiral metasurface was measured by a
home-build microscope setup to characterize the chiral optical properties of the two
enantiomers. The reflectance spectrum of the two samples were measured with
illumination of left-handed circular polarized (LCP) and right-handed circular polarized
(RCP) waves respectively. For enantiomer A, as illustrated in Fig. 2 (a) at around 725nm
the chiral sensitive absorption band was clearly identified. The enantiomer A absorb LCP
and reflect RCP light within this band. In order to further illustrate the chiral reflection
property, circular polarization dependent analysis of reflectance spectrum was performed
and depicted in Fig. 2 (d). For enantiomer A, the LCP/RCP component of reflected was
separated using quarter wave plate and liner polarizer and denoted as R../RrL and RLr/Rrr
when illuminated with LCP/RCP light as illustrated in Fig. 2 (d). Due to the symmetry,
Rir and RgreL should be same and the experiment results justify this claim. The chiral
selective absorption was due to the huge difference between Rrr and RpL at resonant
wavelength around 725nm. It is worth noting that at resonant wavelength (around 725nm),

the reflected light will preserve its initial circular polarization whereas the regular mirror
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which flip the spin state of circular polarized light upon reflection. Such as in Fig. 2 (c),
when enantiomer A was illuminated by RCP light with wavelength around 725nm, Rir
almost equal to zero and most of the reflected light is RCP light. To elucidate the physical
mechanism of the chiral response, charge-oscillation Eigen mode analysis was also
performed under illumination of RCP and LCP incidence light at 725nm. Electric field
mode distributions of the two enantiomers at horizontal plane 10nm under top Au surface
were plotted in Fig. 2 (f). Fig. 2 (g) shows the electric field mode distribution at the vertical
cross section at the right border of unit cell. The pronounced electric field intensity was
shown clearly for incidence of LCP/RCP wave which corresponds to the strong absorption
of RCP/LCP light at resonant wavelength. When light illuminate at the metasurface,
magnetic dipoles directed perpendicular to the light propagation direction can be generated
due to the multilayer structure. The coupling between electric and magnetic dipoles was
sensitive to the spin state of incident light due to the broken mirror symmetry. It is worth
noting that our design can achieve extraordinary chiral optical response by simple planar
structures through breaking unit cell mirror symmetry and thus dramatically decrease
fabrication complexity. This chiral selective electric field enhancement will facilitate the
chiral selective spontaneous photon emission of dipole emitters such as quantum dots
which will be presented and discussed in the following sections.

For enantiomer B, the complementary behavior of reflectance spectrum (Fig. 2 (b))
elucidate the enantiomer symmetry very well. Fig. 2 (c) shows the chiral dichromic of
reflectance (CDR) calculated by equation CDR = (Rice - Rrep) / (Rice + Rrep). The
experiment CDR result as much as 0.65 was shown which indicates the large chiral optical

sensitives. The additional reflection band at around 600nm exhibits no chiral selectivity
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behavior. The large chiral dichroism can be explained that the tilted elliptical unit cell break
the in-plane mirror symmetry and results in chiral optics response. The optically thick
bottom Au layer on Si substrate provides a spin-state selective resonant cavity thus largely
enhances the chiral optics response of the metasurface. The full-wave simulation results

(dashed lines in Fig. 2 (a, b) and Fig. 2 (e)) calculate by finite element method indicates

great agreement with experimental results.
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Figure 2. (a, b) Experimental (solid line) and simulation (dashed line) reflectance results
of two enantiomers. (c) Experimental CDR of two enantiomers. (d, ) Experimental and
simulation LCP and RCP component reflected spectrum of two enantiomers. (f). Electric
field mode distribution of two enantiomers at different LCP and RCP incidence at
resonance wavelength 725nm. The horizontal cross section is set 10nm beneath the top
Au layer. (g) Electric field mode distribution at the vertical cross section at the right
border of unit cell.

To further demonstrate the ability of chiral selective reflection, windmill pattern
composed of two enantiomers (Fig. 3 (a)) was fabricated using FIB. The final pictures were

taken under the illumination of LCP/RCP light without any wave plate or polarizer in the
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collection optical path. At resonant wavelength 725nm, the complementary pictures
unambiguously demonstrate the chiral dichroism of reflection. When changing the
wavelength from resonant wavelength 725nm to non-resonant wavelength 825nm with a
step of 25nm, the chiral dichroism gradually disappears. Fig. 3 (b) shows the picture at the
illumination of two typical on and off resonant wavelength. In Fig. 3 (c), the red and black
dot represent the measured normalized intensity difference (lIce - Ircp) Of two different
enantiomer area in Fig. 3 (b). These normalized intensity difference results match the

reflectance spectrum difference of previous sample (solid red and black line) very well.
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Figure 3. (a) Top view of fabricated windmill pattern. (Scale bar: 10um (a)) (b) Windmill
pictures with incidence LCP and RCP light of difference wavelength. (c) Reflectance
difference spectrum with incidence of LCP and RCP light. Black and red dots represent
normalized intensity difference calculated from windmill picture.

3. SELECTIVE QUANTUM DOTS RCP AND LCP SPONTANEQOUS
EMISSION CONTROL

As we stressed earlier, to control spontaneous emission polarization the chiral
selective electric field enhancement could be used, so we moved further to control dipole

emitter emission property by coating quantum dot on top of chiral metasurface. The unique
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chiral dichroism design ensure that the density of states for one spin state of photon
significant larger than that of the other spin state, so that the QD emit more photon with
one spin state than the other. Because the thin polymer layer was coated above the
metasurface, resonant wavelength was red shift of to 750nm as shown in Fig. 4 (a, b).
CdSe/zZnS QD (Qdot 800ITK Organic) with central emission wavelength around 775nm
which slighted larger than 750nm was deliberated selected in experiment. The spectral
overlap of the QD luminescence (gray area) with metasurface reflectance can results in the
strong coupling efficiency between dipole emitter and plasmonic resonance mode.

To exclude the influence of pump light (402 nm) polarization on QD emission, QD
was coated on control multilayer without pattern and illuminated by light with different
polarization and one set of linear polarizer and quarter wave plate was placed in the
collection optical path to separate LCP/ RCP component of emission light. As expected,
the pump light polarization has no influence on the QD emission light polarization. When
QD was exited either linear or circular polarized light, the emission intensity of LCP and
RCP light were identical.

In the experiment, laser light without polarization was used to excite the QD above
the chiral metasurface and spectral resolved photoluminescence intensity and time resolved
spontaneous emission lifetime were measured for emission LCP and RCP component
respectively. As expected, QD placed on top of metasurface which absorb more LCP/RCP
light will emit more photons with that polarization. As indicated in Fig. 4 (c) LCP
luminescence intensity of enantiomer A is larger than RCP luminescence intensity. It is
worth noting that LCP luminescence peak is shifted to plasmonic resonance wavelength

instead of QD Luminescence peak wavelength which unambiguously demonstrated that it
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is dipole and chiral plasmonic coupling process that enhance LCP luminescence intensity.
If the PL difference is due to selective chiral absorption, LCP luminescence intensity will
be decreased and LCP peak wavelength should be red shifted which is not shown in
experiment. Accordingly, average spontaneous lifetime extracted from stretched
exponential relaxation model (94.1 ns) for LCP component is shorter than that (110.4 ns)
of RCP component of enantiomer A as indicated in Fig. 4 (c). As of enantiomer B, RCP
luminescence intensity is larger than that of LCP (Fig. 4 (d)) and RCP average spontaneous
lifetime (94.8 ns) is shorter than LCP average spontaneous lifetime (101.8 ns) shown in
Fig. 4 (f). These experiment results match our expectations very well that the chiral
metasurface can control the dipole emitter spontaneous emission circular polarization.

In Fig. 4 (g), the chiral dichroism of photoluminescence (CDPL) was calculated
using similar equation as CDR, CDPL = (PLrcp - PLrcp) / (PLLcp + PLrcp). Even though
the peak emission wavelengths for LCP and RCP component are a little bit different,
calculated CDPL peak wavelength (750nm) coincident with that of CDR (750nm) very
well. This phenomenon further strengthen the dipole and plasmonic mode coupling
mechanism. There is no doubt that CDPL is smaller than CDR because just coating QD on
top of metasurface cannot exploit the full potential of chiral dichroism property of
metasurface. Place the QD in the dielectric spacer layer in the fabrication process could
have better control of spontaneous emission of dipole emitters.

The coupled QD-metasurface system was also investigated through 3D FDTD
simulation with respect to photoluminescence properties for LCP and RCP emission light.

The dashed line in Fig. 4 (h) indicates the simulated photoluminescence intensity for the
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Figure 4. (a, b) Reflectance spectrum with LCP and RCP incidence after coating polymer.
(c, d) LCP and RCP component of photo luminescent emitted from quantum dot placed
in two enantiomers. (e, f) Fluorescence lifetime decays of LCP and RCP emission light

from two enantiomers. (f) LCP and RCP intensity difference of two enantiomers. (g)
Experimental CD_PL of two enantiomers. (h) Simulated CD_PL of two enantiomers

when QDs placed above Au top surface and in the middle SiO2 layer.



103
two circular polarized component averaged from electrical dipole emitters with three
orthogonal polarizations and at 35 different positions located 30 nm above the top Au
surface. The simulation results in Fig. 4(h) show excellent agreement with the experiment
results for the CDPL. Furthermore, simulations also verify that placing QDs in the middle
of SiO2 spacing layer at the locations of the electromagnetic fields maxima will result in

stronger exciton-plasmon coupling and larger CDPL as large as 0.91 (Fig. 4 (h)).

4. CONCLUSIONS

In the present work, we have proposed and experimentally demonstrated chiral
selective reflection metasurface with chiral-selective absorption band that strongly absorb
one-handed circular polarized light and reflect the other results in significant circular
dichroism. By deliberately designing the metasurface chiral absorption band on-resonance
with QD emission, we are able to enhance the chiral spontaneous emission of QD and
investigate the coupling of QDs to chiral plasmonic mode. Via circular polarization
dependent spectrally and time-resolved PL measurement, we have demonstrated that the
chiral metasurface can selectively enhance dipole emitter corresponding circular
polarization photon emission. We observe PL of LCP/RCP emission is 10% larger than
that of LCP/RCP emission on top of corresponding chiral metasurface at the plasmonic
resonance wavelength. At the same time, the QD lifetime measurement results respect to
different circular polarization in the coupling system further validate the PL spectrum
modification. The experiment results are supported by finite element analysis calculation
of reflectance and PL spectrum. This finding has important implications for the chiral

optoelectronic devices, optical information processing, and chiral sensing.
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5. METHOD

The tilted elliptical arrays are fabricated on the top Au layer via focused ion beam
milling (FEI Helios Nanolab 600 Dual Beam) with a gallium ion current of 9.7 pA and an
accelerating voltage of 30 KeV. Then a thin polymer layer loaded with CdSe/ZnS QD
(Qdot 800ITK Organic) was spin-coated on top of nanostructure (3000 rpm for 15min at
room temperature). The original QD solution (QD weight ratio 0.15%, solvent: water) is
diluted with a mixed solution of polyethylene glycol (PEG), buffer and water, resulting in
final weight ratios for QDs and PEG of 0.013% and 1.7%, respectively.

When measure reflectance spectrum, all experimental spectra were normalized to
that of a silver coated mirror (THORLABS) which has optical reflection larger than 97.5%
in the visible range. Fluorescence lifetime and luminescent intensity were carried out using
a homemade spectral-resolved and time-resolved fluorescence microscopy. The samples
were excited by a picosecond pulsed laser emitting at 402nm (52 ps pulse width, 40 MHz
repetition rate, 20 WV excitation power, PicoQuant). Excitation light was focus on the
sample using long focal objective lens (Olympus, NA = 0.8, 80X). Emission was collected
by the same objective lens and directed to spectrometer (Horiba IHR550) where
luminescence intensity was measured from a liquid N2 cooled CCD detector and desired
wavelength emission light was selected to the side exit split and coupled to a fiber coupled
single photon detector (SPAD, MICRO PHOTON DEVICES). 650nm long pass filter was
used to separate the fluorescence emission from the excitation. Time-correlated single
photon counting system (PicoHarp 300, PicoQuant Photonics) in Time-Tagged Time-

Resolved mode (TTTR mode) was used to measure fluorescence lifetime.
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The spontaneous emission lifetime of QDs was extracted by fitting the experimental

photoluminescence decay date using stretched exponential relaxation model: I(t) =

Iye™@/ Ly » [4, 19], where 1 is the lifetime after which the fluorescence intensity | decay
to 1/e of initial value lo. £ is modification parameter that describe the deviation of
experimental multi-exponential decay curve from ideal single-exponential decay model
(when g = 1). Final average lifetime can be calculated from (z) = (z/B)I'(1/B) [20],
where I" represents the gamma function. The fitted average lifetime for Ent A is 94.1 (LCP)
and 110.4 (RCP), whereas for Ent B is 101.8 (LCP) and 94.8 (RCP) respectively. The fitted
lifetime t value for Ent A is 66.9 (LCP) and 74.0 (RCP), whereas for Ent B is 76.8 (LCP)
and 70.1 (RCP) respectively. The fitted £ value for Ent A is 0.63 (LCP) and 0.60 (RCP),
whereas for Ent B is 0.67 (LCP) and 0.66 (RCP) respectively.

Finite element method and Finite-difference time-domain method are used to
calculate the metasurface reflectance spectrum and QD PL intensity. The permittivity of
gold is taken from Johnson and Christy and damping constant was set as 2 times to
compensate surface scattering and grain boundary effects in fabricated thin film. Electric
dipole was used to represent QD to investigate the emission process in the coupled system
around resonant wavelength. The electric dipole with three dipole moment directions along
X, y and z axis was placed at 35 different positions located 30 nm above the top Au surface.
The final PL results are averaged from PL from dipole with three directions maxima (Fig.
4 (g), dashed line). To find best CDPL, electric dipole was placed in the middle of SiO»
spacing layer -110nm below top Au layer at the locations of the electromagnetic fields

maxima (Fig. 4 (h), solid line).
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SECTION

2. CONCLUSION

In conclusion, various plasmonic metamaterial structures for structural color
printing and quantum emitter spontaneous emission enhancement are explored and
discussed in this project.

For plasmonic structural color printing, an all-aluminum structural color printing
platform based on plasmonic V-groove metasurfaces and square-shaped disk arrays with
high resolution and high color performance have been introduced and demonstrated by
using a one-step focused ion beam milling process. By only adjusting the groove depth, the
plasmonic resonances of the V-groove arrays can be tuned across the whole visible
spectrum, resulting in either the subtractive colors obtained from the reflection spectra
under the bright field illumination, or the complimentary additive colors resulting from the
scattering spectra under the dark field illumination. The reproduced polarization dependent
plasmonic paintings of color images under both the bright field and dark field illumination
conditions manifest the feasibility and flexibility of all-aluminum plasmonic V-groove
metasurfaces for structural color printing applications. By varying the geometrical
parameters of square-shaped disk arrays including the disk etching depth, disk width and
unit cell period, a wide range of visible colors has been achieved with the plasmonic
metasurfaces. The subtractive colors are obtained from the reflection spectra due to the

excitation of plasmonic electric and magnetic dipole resonances. The reproduced
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microscale landscape panting shows the feasibility and flexibility of all-metal plasmonic
metasurfaces used for color printing applications.

For quantum emitter spontaneous emission enhancement, multilayer
metamaterials, plasmonic perfect absorber and chiral metasurfaces were used to control
dipole emitter spontaneous emission.

First, we have demonstrated multilayer metamaterial and multilayer grating
nanostructures with broadband Purcell effects for CdSe/ZnS QD emission. Several-fold
emission rate enhancement is achieved with a large LDOS as the emission wavelength goes
from the elliptical to the hyperbolic dispersion regime across the ENZ region of a
multilayer metamaterial. Multilayer gratings further enhance the QDs’ spontaneous
emission as the QDs located inside the grating grooves strongly interact with high-k
coupled SPP modes. Position and polarization effects on QD emission rate enhancement
are studied to reveal the coupling mechanisms and further engineer the LDOS in
metamaterial nanostructures.

Second, anomalous power law for the Purcell factors has been demonstrated for hyperbolic
metamaterial cavities with dipole excitation. Contrary to conventional optical cavities, identical
fundamental resonance mode is supported in a series of hyperbolic multilayer nano-cavities with
different resonating wavevectors. A fifth power law PF ~ (k/ko)® for small wavevectors and a square
law PF~(k/ko)? for large wavevectors have been shown for 2D hyperbolic cavities. The Purcell
factors calculated from emission power ratio can be understood well from the scaling laws for
quality factor and mode area of the cavity mode.

Third, we have experimentally demonstrated the enhancement of CdSe/ZnS QDs

spontaneous emission rates and photoluminescence intensity with metamaterial perfect
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absorbers, which consist of hexagonal array of holes on a Ag-SiO2-Ag thin films through
rational design, and possess near-unity absorption at the QDs emission wavelength.
Numerical simulations of the emission rate and intensity enhancement on the four studied
QD-PA devices, as well as the electromagnetic fields distribution under dipole emitter
excitation, have been conducted to assist the comprehensive understanding of the
experimental observations.

Finally, we have proposed and experimentally demonstrated chiral selective
reflection metasurface with chiral-selective absorption band that strongly absorb one-
handed circular polarized light and reflect the other results in significant circular dichroism.
By deliberately designing the metasurface chiral absorption band on-resonance with QD
emission, we are able to enhance the chiral spontaneous emission of QD and investigate
the coupling of QDs to chiral plasmonic mode. Via circular polarization dependent
spectrally and time-resolved PL measurement, we have demonstrated that the chiral
metasurface can selectively enhance dipole emitter corresponding circular polarization
photon emission. We observe PL of LCP/RCP emission is 10% larger than that of
LCP/RCP emission on top of corresponding chiral metasurface at the plasmonic resonance
wavelength. At the same time, the QD lifetime measurement results respect to different
circular polarization in the coupling system further validate the PL spectrum modification.
The experiment results are supported by finite element analysis calculation of reflectance
and PL spectrum.

The overall outcomes of this dissertation addressed several key applications of the
plasmonic metamaterials. The demonstrated aluminum plasmonic metasurfaces for

structural color printing will be well suited for applications such as microscale imaging,
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information storage, anti-counterfeit tag and security marking. The dissertation also
provides a systematic approach understanding of QD-metamaterial interactions. This
finding has important implications in light-matter interactions such as light-emitting

devices, nanoscale lasers, quantum electrodynamics, and quantum information processing.
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