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Abstract

Advanced Applications of Thin Film Optics
using Metal-Dielectric-Metal Etalon

Jongsu Lee
Department of Electrical and Computer Engineering
The Graduate School

Seoul National University

Light-matter interaction based on noble-metal nanostructure has received
constant attention for its tremendous potential on scientific discovery as well as
practical devices by its unique optical characteristics. Meanwhile, constructing
nanostructured platform requires costly and complicated fabrication process to
produce wide-range visible colors for real-world applications. In this point of
view, the Fabry-Perot (FP) resonator is an intuitive and versatile optical
structure for its uniqueness in light-matter interaction yielding resonance with
wide-range of wavelength as it couples with photonic materials encapsulated in
dielectric cavity. A simple metal-dielectric-metal (MDM) thin film stack, also
known as etalon, induces FP interference capable of generating full-color
coverage in visible range and exhibiting a high level of color tunability via

engineering the geometry and material of comprising layers. It requires relative



cost-effective fabrication processes such as deposition and spin-coating which
are beneficial for large-area mass production.

First, thin-film thickness and filling-fraction of each composition layer
were precisely tailored to produce delicate color variations together with a
theoretical modeling for setting a restrict standard on color guide. Through
materialized experiments, a thin-film etalon with nanostructures was
demonstrated to realize its unique structural coloration and also applied its color
tunability to functional mimicry of environmental-sensitive optical camouflage.
Second, conversion of gas-matter interaction into light-matter interaction was
attempted for visualizing the dynamic gas absorption/desorption at the
palladium-facing interface since palladium has a unique characteristic as a
catalyst and a hydrogen absorber, which makes it the most prominent material
in a wide range of gas industries including hydrogen storage, purification,
detection, and catalyst. Therefore, palladium was simply utilized for the top and
bottom metal layers of FP etalon to induce colorimetric reactions against
exposed gas, and consequential water-forming reactions at the dielectric/Pd
interfaces results in naked-eye color changes with respective of gas
concentration under ambient environment. Such device was successfully
demonstrated to the applicable level of a gas leakage warning system. Lastly,
the MDM etalon structure was employed for advanced molecular detection
technology as a ‘Raman switch’ that is capable of tuning the surface-enhanced
Raman scattering (SERS) enhancement factor (EF). Investigation for producing
the optimum near-field as well as far-field SERS EF was conducted via

engineered nano-geometry of composing FP etalon with the help of



computational and experimental analyses. Such SERS tuning by modulation of
structural characters of optical cavity expands its applicability for information
encryption.

In conclusion, this thesis presents throughout investigation of the MDM
etalon structure as a thin film optic device and suggests its various application
fields including surface chemistry, heterogeneous catalysis, biomimicry and
molecular analysis as well as optics. Both experimental and computational
analysis were conducted to prove the optical behaviors of the etalon devices
depending on their composition and nanomorphology. The strategy for
introducing dynamicity inside the MDM structure can be applied to a variety

of photonic nanostructures for a wider range of wavelength spectra.

Keywords: Fabry-Perot etalon, Structural color, Water-forming reaction,

Colorimeter sensors, Raman spectroscopy
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Chapter 1. Introduction

Light-matter interaction encourages significant optical scattering and
absorption at specific wavelengths. It has become a crucial principle in the
development of advanced research including photovoltaics [1], biochemical
analysis [2], nonlinear optics [3], color printing [4], and spectroscopy [5]. In
particular, plasmonic devices with sub-wavelength nanogeometry exhibit
meticulous optical modulation in the visible light region, thereby, evaluated as
the next-generation color displaying and sensing technology. For decades,
'static plasmonic' materials/devices have led a major stream of studies,
modulating optical properties over the predefined structures once incident light
is exposed. Recently, new era of ‘dynamic plasmonic’ materials/devices keeps
step with rapid development of artificial intelligence technology and the
implementation of meta bus super-connected society, as they require a variety
of information from a wide range of external stimuli such as temperature [6],
strain [7], moisture [8], biochemical molecules [9], gas [10], etc.

Dynamic plasmonic technology is highly advantageous in reversible
coloration and selective manipulation of light scattering/absorption in the
visible spectra. These extraordinary optical phenomena, determined from the
variation of constituting materials or their variables (nanostructure's shape, size,
arrangement, and surrounding medium), lead to creation of electric-based color

tuning technology. For example, liquid crystal technology combined with



anisotropic metal nanostructures shows active plasmonics-assisted coloration
[11]. Electrochemical deposition triggers color modulation based on
accumulation of metal ions in an electrolyte [12]. And hybrid electrochromic
polymers under a redox reaction yield a change of complex dielectric property
[13]. However, such techniques displaying chromatic modulation worked under
limited environments including a liquid or quasi-liquid medium with electrical
bias. Consequently, dynamic modulation platforms that can respond to not only
electric-fields, but a variety of stimuli such as temperatures, pH, light, magnetic
field, and solvent composition are desirable for realization of intelligent
applications such as information encryption, anti-counterfeiting, and chromatic
printing/sensing [14].

On the other hand, enhancing Raman scattering had a great
accomplishment along with the development of nanotechnology, enabling it to
detect molecular fingerprints not only for analytical research but even in daily-
life practical applications. Surface-enhanced Raman scattering (SERS) on
metal nanoparticles greatly concentrates the incident light and transfers the
amplified energy to the nearby analytes in the orders-of-magnitude [15].
Additionally, the nano-scaled gap between metal particles has drawn great
attention as “hot spot” that generates electromagnetic (EM) field enhancement,
so diverse strategies to narrow the gap and concentrate the analytes within it
have been achieved to enable single molecule detection with enhancement
factor of ~10'* [16]. Despite their detection sensitivity, the uniformity of Raman
signal and easy fabrication with large-area were required for practical

application.



Spontaneous forming of random nanostructures on the substrate is a well-
known low-cost fabrication process for uniform SERS signal. For example,
maskless reactive ion etching (RIE) often induces the re-deposition of
impurities that can produce nano-pillars (micromasking effect) [17].
Subsequent Au deposition on this nano-pillars provides highly enhanced
Raman signals with large-scale. In another case, the thermal dewetting of the
thin metal film also generates well-controlled metal nanoparticles with easy
fabrication [18]. Although the random nanostructures are cost-efficient for
mass-production, it is still limited in precise control of plasmon resonance.

This thesis focuses on a MDM etalon structure with nano-perforated top
metal layer which cost-effectively produces not only a wide range of structural
coloration but also dynamic colorimetric sensing of refractive indices and
catalytic chemical reaction, and even tunable Raman enhancing performance.
Moreover, precise engineering of the etalon device suggests various
functionalities to the simple colorimetric platform by determining proper

geometry and kind of the composing materials.

1.1. Structural Coloration

Structural coloration refers to the implementation of color by utilizing the
interference, absorption, and scattering of light from a wavelength or sub-
wavelength scale nanostructure without the use of dyes or pigments. This type
of coloring has been variously observed in nature such as the wings of morpho-
butterflies and the skin of chameleons [19]. In addition, the Roman Lycurgus

cup has been shown that the structural color based on plasmonic effects was



already used in the ancient human society [20]. For a few decades, many
researchers strived for implementing various methods of structural colorations
because of their advantages such as long-term stability, high reliability, efficient
manipulation of visible light, and harmlessness for human body [21]. It has
been known that diffraction gratings, selective mirrors, photonic crystals, and
deformed matrices can be used as concrete methods to realize structural
coloration [22, 23]. Indeed, these methods have been applied and developed in
various fields such as bio/chemical sensors, color filters, absorbers, anti-
counterfeiting stickers, and devices for optical camouflagby utilizing the
distinctive characteristics of structural coloration [24-29].

However, most of the artificially made structural-colored layers which
based on top-down process have inherent industrial disadvantages since they
often involve complex and expensive fabrication processes such as e-beam
lithography and repetitive depositions [30]. For more inexpensive process,
various studies have been reported, such as using randomly deposited metal
nanoparticles or nanowires [31, 32]. Among such studies, devices with
randomly deposited metal layers on metal-dielectric-metal (MDM) etalon
structures have also been introduced [33-35]. These structures demonstrate that
the Fabry-Perot (FP) resonance existing on MDM etalons can be utilized with
adjustable scattering effects of randomly deposited metal nanoparticle layers.

Inspired by the broad spectral variation reported in [35], a slight change in
the fabrication process conditions could allow the metal-nanoparticle based
MDM etalon to implement various structural colors. Particularly, depending on

the composition ratio of the random Au-islands, this mixture layer can be either



a particle-like structure, a randomly connected network, or a film-like structure.
We have examined the effects of the variation in the morphology of the Au-
island mixture to the structural color generated by the proposed etalon. The
verification of proposed configuration is done by comparing actual
experimental results with the transfer matric method (TMM)-based simulations
that approximate the mixture layer as a uniform effective material through

Bruggeman's effective medium theory (BEMT).



Figure 1.1: Examples of structural color generation by photonic crystals (a;
reproduced from [24]), polymer opals (b; reproduced from [29]), and FP

resonators (c; reproduced from [36]).



1.2. Surface-enhanced Raman Spectroscopy

The theoretical correlation between SERS enhancement factor (EF) and EM
intensity of excitation and scattering light is generally known to follows the

equation:

EF = |Eloc(Aex)|2 ' |Eloc(lsc)|2
|Eo|? - |Eo|?

where Eloc(Aex), Eloc(4sc), Eo are local electric field strength at the excitation, at

(1.1)

scattering wavelength, and incident electric field strength, respectively [37, 38].
Advanced nanofabrication technologies have experimentally revealed the
correlation between optical resonance and SERS enhancement by the precise
adjustment of gap distance, feature size, and shape [39]. Moreover, the SERS
substrates combined with stimuli-responsive materials opens up opportunities
for new practical applications as well as an understanding about the correlation.

Due to its theoretical and experimental progress, more specialized SERS
substrates have been suggested for various application fields including
biochemical research [40], environmental sensing [41], food safety [42], and
anti-counterfeiting [43]. Especially, the anti-counterfeiting application utilizing
the SERS effect is realized through the decoding process in which the molecular
information on the substrate is converted to a Raman mapping image for
visualization. Therefore, it is necessary to not only satisfy general requirements
for SERS application, but also to establish an encryption strategy. For example,
the encrypted information can be decoded by types of probe molecules, their
concentration, polarization, and focal plane dependent Raman intensity. These

methods suggest that distinct Raman signals are obtained on a single substrate



according to the optical properties of nanostructures and chemical species.
However, a simple and mass-production compatible platform enabling real-
time Raman intensity modulation is still desired for the realization of dynamic

message encryption.



Figure 1.2: Conceptual outline of the main elements of SERS (reproduced from

[37])



1.3. Outline of Thesis

This thesis represents six chapters including Introduction, Theoretical
Backgrounds and Concluding Remarks. In Chapter 1, general overview of
FP resonators for structural coloration and SERS is introduced with its specific
fields of applications. To understand the physical and optical properties of
nanostructured MDM etalons, the theoretical backgrounds about FP resonator
and Raman spectroscopy are provided in Chapter 2. Chapter 3 demonstrate
the effects of each composing layer’s physical parameters to the overall
structural colors of the MDM etalon. Due to the nano-apertures of top metal
layer, additional tuning of the dielectric layer is available by conventional dry
etching process, and it provides dynamicity to the color of the device. In
Chapter 4, water-forming catalytic reaction of hydrogen and oxygen gases are
induced at the interface of the dielectric layer and metal layer. Such reaction
shows two distinct water-forming phenomena depending on the environmental
gas composition resulting different color changing behaviors. The confinement
of chemical reaction inside the MDM etalon structure suggests not only a new
monitoring technique of surface chemistry and gaseous reactions but also an
effective gas leakage warning technology. In Chapter 5, the nanomorphology
of top metal is utilized to induce SERS effect, and FP interference plays a role
as a modulator for tunable Raman substrate. In this case, the additional tailoring
of dielectric layer can also provide liquid permeability to the structure, which
is used as a Raman switch turning on/off its Raman signal. At the end, Chapter
6 summarizes the overall thesis and envisions future applicability of MDM

etalons.

10



Chapter 2. Theoretical Background

2.1. Fabry-Perot Optical Resonator

In 1899, Charles Fabry and Alfred Perot have developed an optical resonator
consisting of two parallel semitransparent metal mirrors separated by an optical
spacer [44]. This interferometer, or etalon, manipulate light of specific
wavelength by controlling its resonance. Both transmissive and reflective
interpretations are available as described in Fig. 2.1. As the incident light (o)
partially reflects and transmits at the first mirror, the transmitted light undergoes

multiple reflection and transmission at the optical cavity. According to TMM

ER Mll M12 E'O E'O E'O
- =M| " |=M,M,M, . Q@)
EO M21 M22 ET ET ET

where Eo, Er, Er and E’y are wave functions of incident light, reflected light,

[45],

transmitted light, and light from the other side, respectively. The transfer matrix,

M., for each layer is as follows,

cos(k,d,) —Lsin(kmdm)

m-—m

M, = k, m=1,23 (2.2)
—ik, sin(k,d,)  cos(k,d,)

where d, &, and k are thickness, permittivity, wavenumber of layer m. Since

we are interested in a three-layer-system, the coefficient of reflection (») and

transmission () is given by,

11



p= koMn + kOkTMIZ B le B kTMZZ
koMn + kOkTMIZ + M21 + kTM22

(2.3)

. 2k,
kOMll + kOkTM12 + M21 + kTMZZ .

2.4

Based on these coefficients, reflectance (R) and transmittance (7)) can be

calculated by R = |r’, T=|f|’, and R + T+ A = 1 where 4 is absorption.

12
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2.2. Bruggeman’s Effective Medium Theory

Instead of calculating full electromagnetic solution of proposed randomly
distributed configuration, TMM solution of simplified one-dimensional (1D)
multiple thin film stacked model was applied. The Au/air mixture layer is
assumed as homogeneous effective medium based on BEMT which gives an
effective permittivity of random mixture of two distinct materials with sub-
wavelength scale morphology. The effective permittivity can be achieved by
solving the following equation:

& —E& . &, —&
1 + 2

mix

1 5 mix_ — (), (2.5)
& + K¢, .. &, + K¢, ..

Here, & (i=1, 2) and fi (i =1, 2) are the permittivity and the volume filling
fraction of each constituent material in the mixture, respectively. K is related to
Lorentz depolarization factor, which varies from x = 1 for 2D mixture to k =2
for 3D case [47]. In this case, K is 1 since the thickness of the layer is much

smaller than optical wavelength in visible range.

2.3. Raman Spectroscopy

In 1928, an Indian physicist, Chandrasekhara Venkata Raman discovered an
inelastically scattered radiation known as Raman scattering. When a
monochromatic radiation is incident on a matter, both Rayleigh scattering
having the same frequency of the incident light and Raman scattering having
different frequency occurs [48]. This frequency shift of Raman effect happens

by the excited molecular vibration energy. Figure 2.2 shows two types of

14



spontaneous Raman scattering: Stokes scattering (frequency redshift) and anti-
Stokes scattering (frequency blueshift). Coherent anti-Stokes scattering can be
observed when the sample is initially excited. Raman spectroscopy measures
the frequency shift which depends on the chemical composition of the
molecules. Therefore, it is a specialized technique to obtain the fingerprints of

analytes with the great advantages of remote and real-time sensing.
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Figure 2.2: Schematic description of Raman scattering, reproduced from [48].
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Chapter 3. Full-colored Structural Coloration
with Thin-film Etalon Composed by Gold-

nanoparticle Effective Medium

3.1. Introduction

Fabrication of micro- or nano-structures for structural-coloration through top-
down processes is fundamentally unfavorable in manufacturing aspects because
it requires complicated and highly expensive techniques which obviously have
restricted scalability and mass production. In opposition, bottom-up processes
can overcome those limitations and achieve structural-coloration using
relatively simple and cost effective metal deposition processes or spreading
randomly-dispersed metal nanoparticles having subwavelength scales [31, 32,
35]. In this aspect, a device that confines specific wavelengths of incident light
within a metal-dielectric-metal (MDM) stack demonstrated unique
opportunities in color displays by taking advantage of an optical phenomenon
called Fabry-Perot (FP) resonance or Mie scattering [33, 34, 36, 49-51]. In
addition, a color modulator using enhanced Mie scattering with lattice
resonance has also been reported [52]. Previously, a reflective liquid-permeable
MDM etalon was demonstrated for refractive index (RI) sensor working in the
visible region with the record high color shift value of 323.5 nm/RIU,
depending on the RI of the infiltrated solution [35]. However, an achievement

of high-level of color tunability without covering full-colored visible range is

17



insufficient to satisfy its availability for practical real-world application.
Besides, establishment of a color guide map of MDM stack with delicate

control of its constituents is highly desirable.

3.2. Basic Concept

In this chapter, a full spectrum of structural colors with a thin-film etalon is
introduced consisting of a uniform film of transreflective Au, perfluoro-
(butenyl vinyl ether) (PBVE) polymer dielectric film, and bottom reflective Au
from the top to bottom. The roles of geometrical features of each layer on the
device’s coloration were examined by varying their thickness and filling-
fraction (i.e. top Au and PBVE films). Based on theoretical modeling coupled
with experimental verification, we established color guide maps of the MDM
etalon, which was further applied to functional mimicry of optical camouflage
for environmental-sensitive color display. Figure 3.1 shows the conceptual
schematic of the proposed Bruggeman effective etalon reflecting various light
colors in broad range depending on physical properties of comprising films,
such as dielectric layer thickness (Zgiciectric) and volume filling fractions of top
metal (fmetat) and dielectric layer (fielectic). To test proposed conceptual optical
color variation, we prepared MDM stack consisting of 100-nm-thick Au on Si
substrate (as full reflector), and PBVE as a polymer layer (as optical cavity),
and Au/air mixed top layer (as transreflective metal film) from bottom to top.
A deposition of metal atoms on dielectric surface results in randomly-
distributed metal/air mixed layer producing the fmetw1, and resultant values of the

fmetal can be engineered varying deposition conditions such as time, rate, and

18



pressure or surface energy of dielectric layer.[35, 51] Throughout the chapter,
the physicochemical roles of both top- and PBVE layers were examined since
they are proven to significantly contribute to structural coloration of MDM

structure.
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3.3. Experiments

3.3.1. Fabrication of Au-PBVE-Au etalon

The bottom reflection layer was prepared by depositing 10 nm Ti adhesion layer
followed by 100 nm Au film on Si substrate using a thermal evaporator (MHS-
1800, Muhan; 107 Torr; 2.0 A/s). Dielectric films with various thicknesses (d
=110, 135, and 165 nm) were achieved by spin-coating the mixture solution
[9.0 wt. % PBVE (Chromis Technology) with solvent (FC-43, Chromis
Technologies) in ratio of 1:1] at controlled spinning rates (7200, 4400, and 3000
rpm for 45 s, respectively), followed by baking process on hotplate at 80 °C for
1 h. Thickness of PBVE was locally reduced using RIE (RIE 80 plus, Oxford
Instrument), and its surface energy was relieved by annealing on hotplate at
180 °C for 2 h. O, plasma surface treatment was performed on PBVE surface
to obtain high fpgve. The Bruggeman effective medium geometry of top Au
layer was slowly deposited on PBVE (107 Torr, 0.3 A/s). Finally, additional
RIE was performed to create dielectric cavity. More detailed fabrication steps

of demonstration discus fish sample is in Figure 3.2.
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Figure 3.2: (a-g) Schematic illustration of etching and surface treatment

processes of discus fish sample fabrication. Steps (a-c) and (g) are etching

processes with different shadow masks. (d) Annealing process on hot plate

(180 °C) to relieve PBVE’s surface energy. (f) Low-density nucleation

deposition of Au using a thermal evaporator.

22



3.3.2. Reflectance spectrum measurement

Guided through an optical fiber reflection probe (R400-7-SR, Ocean Optics),
white light from a deuterium and tungsten-halogen light source (DH-MINI,
Ocean Optics) was incident on the sample in a normal direction. Then, normally
reflected light was guided into an ultraviolet-visible spectroscopy (USB4000-
UV-VIS, Ocean Optics) with its spectral measurement ranging from 200 to 850
nm. During the measurements, reflectance spectra were normalized using an
aluminum standard mirror (STAN-SSH, Ocean Optics). More detailed

measurement set-up is in Fig. 3.3.
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Figure 3.3: Schematic diagram of reflectance spectrum measurement. At the
lower-left corner, the reflection probe is schematically illustrated as having one
input terminal for reflected light that is surrounded by six output terminals for

white light emission.
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3.4. Results and Discussions

3.4.1. Nanomorphology of Top Au

To examine the role of the Au/air mixed layer in color variation, the BEE were
produced in different fa, and za, (Fig. 3.4). Four cases of controlled metal
deposition conditions (identical values of rate: 0.3 A/s, chamber pressure: 107
Torr, and Ggpyve: 115° while the deposition time varies for the Cases A-C). The
top- and side-view of the scanning electron microscope (SEM) images
confirmed that low density nucleation of Au vapor on hydrophobic PBVE
surface created particle-like Au layer with different 4y and fau values. For Case
D, the enhanced surface energy over PBVE surface were applied via O, plasma
treatment to increase fau (Opsve: ~108°) while maintaining the identical za, as
the Case C (Fig. 3.5). Results obviously demonstrated that controlled
deposition conditions such as deposition time (Cases A-C) and underlying
surface energy (Case C) yields different fa, and fau.

RIE to reduce the thickness of PBVE eventually increases its surface
energy, which would prevent low density nucleation of Au vapor during the
thermal deposition process. As the result, the contact angle, 6, of 10 uL DI water
droplet on PBVE decreased from 115° to 78° after 36 s of RIE. To relieve and
recover the original surface energy of PBVE, it was annealed at 180 °C for 2 h,
and the contact angle returned back to 113°. Slight modification of its surface
energy to achieve relatively high fill factor of top Au was made by O, plasma

treatment, resulting contact angle of 108°.
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Case A Case B Case C Case D

Ty 15 25 35 35
Tau 0.37 0.58 0.80 0.96
Bpayve 115 115 115 108

Figure 3.4: (a) MDM structure is composed of Si substrate, 100 nm thick
reflective Au film, PBVE and Av/air mixture layer with various thickness in
bottom to top order. (b)-(e) top view SEM image of the structure which have
Av/air mixed layer fau/fau of 15 nm/0.37, 25 nm/0.58, 35 nm/0.80 and 35

nm/0.96 from (b) to (e).

26 Pt



0=108°

0=115° 0=78

Figure 3.5: Surface hydrophobicity of PBVE. (a-d) Microscopic images of
10uL of DI water droplets on the PBVE layer after each surface treatment

process with measured contact angles.
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3.4.2. Colormap simulation of MDM etalon

Based on the values obtained from experiments, numerical simulations were
conducted using BEMT model to investigate the influence of physical
parameters (i.€., fauw, fauw, and fpgve) on the coloration of each MDM
configuration. Figures 3.6 illustrates the calculated reflective colors where fau
ranges from 0 to 1 and ¢4, from 0 to 70 nm when fpgye is 110, 135, and 165 nm.
The result indicates that fa, < 0.2 is incapable of producing variations in
structural colors implying that the reflective colors under low fa, < 0.2 is
insufficient to yield color variations due to high portion of light transmission,
losing its identity as an etalon. Thus, the reflective color from bottom Au film
is dominantly observed due to the transparency of PBVE. To verify the
accuracy of the simulation model, calculated reflection spectra and
corresponding colors were directly compared with experimental results (Fig.
3.7).

In Fig 3.7, the increase in fpgve directly red-shifts the FP resonance
conditions, which is predicted from Airy formula for thin-film interference in-
film interference. Hence, the location of FP resonance can be arbitrarily
designed by precisely tuning #peve. Then, the spectral variations in Cases A to
D suggest that fa, is strongly correlated to the sharpness and location of the FP
resonance dip, which becomes narrower and blue-shifted. All of these
observations can be explained by varying the effective permittivity in the mixed
Au/air layer. As the fa, increases, the layer becomes more metallic causing an
increase in the imaginary part of the effective permittivity. This essentially

increases reflections inside the etalon, which means the Q-factor of MDM
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etalon becomes larger so that resonance dip becomes stronger and sharper.
Moreover, variations in the effective permittivity of mixed Av/air layer affects
the phase of reflection coefficient between PBVE and mixed Au/air layers
resulting in the shift of the resonant wavelength condition.

In Fig. 3.6¢, it is worth noting that color variation becomes subtle when
teeve = 165 nm compared with pgve = 110 nm or #peve = 135 nm. Such optical
behavior is attributed to the shift in the resonant wavelength of the etalon from
the visible to the infrared band (Fig. 3.7). When fa, < 0.8, the resonance dip
becomes much broader than the film-like top layer, and thus, wider resonance
dips are expected to appear in the infrared band barely inducing visible color
variation. On the other hand, in the case of fa, > 0.8, a sharp resonance dip in
the wavelength range near 630 nm is observed. As a consequence, the proposed

etalon displays green color by absorbing red spectrum.
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Figure 3.6: Simulated reflective color maps of the MDM etalon with (a) 110,
(b) 135, and (c) 165 nm #pve, depending on various Au/air mixed layer
condition. Variables, fau and #au, are swept from 0 to 1.0 with 0.1 interval and

from 0 nm to 70 nm with 5 nm interval, respectively.
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Figure 3.7: (a-c) Simulated reflectance spectra and extracted colors. (d-f)

Experimentally measured reflectance spectra of the fabricated etalon samples

(photographs on top; Scale bars: 1 cm).
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3.4.3. Optimum Top Au Thickness for Wide Color

Coverage

Having established the roles of fa, and fpgve on the generation of structural
colors, we now investigate the role of #a, with respect to color coverage. Figure
3.8 shows simulated structural colors as a function of fa, and optical path length
of PBVE layer (npsve-trevE), the values of which range from 0 to 1 and from
100 nm to 250 nm at ¢4, = 10 nm, respectively. Similarly, it displays color guide
maps via the proposed MDM etalon when za, = 30, 50, and 70 nm, respectively.
Direct comparison of the color guides indicates that the hue of colors are mainly
determined by the variation of fa, and optical path length of PBVE layer, but
the color saturation seems to have an optimized value determined by fau. To
quantify this optical property, the CIE1931 color space was adopted, onto which
the resultant colors from the color maps were marked. From the results, the
widest range of color variation as well as most distinguishable color change is
expected at ta, = 30 nm. It is also shown that for thinner top Au layer
transmission of incident light is more dominant than reflection, and thus leads
to higher probability of Au-like color appearance compared to MDM etalons
having thicker top Au layers. The thicker the top Au becomes, the more the light
is reflected and the higher the portion of FP resonance occurs in the optical
cavity. The color guides (Figs. 3.8a-3.8d) and distribution of color marks (Figs.
3.8e-3.8h) suggest that the optimum thickness for distinguishing color

variations is found near #a, = 30 nm.
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Figure 3.8: (a-d) Simulation results of colors that can be obtained by changing the
structural condition of proposed etalon. In each figure, the structural condition is
that fau is changed from 0 to 1.0 with 0.1 interval and optical path length of PBVE
layer (npevE-tpevE) is changed from 100 nm to 250 nm with 10 nm interval at fixed
tauw of (2) 10 nm, (b) 30 nm, (¢) 50 nm, and (d) 70 nm. (e-h) CIE1931 color maps

with marks of all colors obtained from (a)-(d) in the same column.
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3.4.4. Tailoring Dielectric Layer via Reactive Ion

Etching

In contrast to other MDM etalons that completely passivate the dielectric layer
with a top metal film, the proposed structure allows for tailoring of the
underlying PBVE layer via RIE through the nanoscale apertures of the top Au
layer (Fig. 3.9). Since the upper Au layer functions as a mask, this unique
feature offers an opportunity to manipulate structural colors in a controlled
manner. Figure 3.9b shows cross-section images of the samples which have
undergone 0, 20, 40, and 60 s of RIE with resulting freve values of 1.00, 0.76.
0.51 and 0.18, respectively. The physicochemical properties of the dielectric
layer mixed with PBVE nanopillars and air can also be modeled as a
homogeneous layer through BEMT, analogous to the mixed Au/air films. Such
additional etching procedure on the PBVE layer lowers its permittivity close to
air, reducing its optical path length and imparting liquid permeability to the
device since the effective refractive index of etched PBVE layer (n.x) gradually
decreases from nppve = 1.34 to na.ir = 1 (wWhere n refers the refractive index of
the material in its subscript) based on the relation made by Eq. (2.5) and
subscript material. Figure 3.10a shows the simulated color change depending
on 7t tpve at fay = 0.80 and fay = 35 nm. Three arrows pointing to the left
represent cases where ner -tepve are 147, 181, and 220 nm each and their
corresponding color shifts by RIE. It is shown that increasing etching time
results in the shortening the effective tppve. Figures 3.10b-3.10d show the

experimental colors of the MDM etalons which were divided into four
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differently-etched regions with etching period of 0, 20, 40, and 60 s,
respectively. Color matching between the simulated and measured data
confirmed that infiltration of air into PBVE layer tunes the dielectric property
of the device. Now the etched etalons were immersed into methanol (Zmethanol =
1.34) to test additional color tuning of the etched regions to be matched with
the non-etched PBVE (npgve = 1.34) regions (Figs. 3.10e-3.10g). Such optical
camouflage phenomenon can be explained by infiltration of index matching

solvent to the hollow area of dielectric layer [35].
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Figure 3.9: . (a) Schematic cross section of a MDM etalon before and after RIE.
(b) Cross-sectional SEM images of the etalon samples with different fpave (1.00,

0.7, 0.51, and 0.18) from varying etching time (0s, 20s, 40s, and 60s,

respectively). Note the dielectric layer is pseudo-colored for clear recognition.
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Figure 3.10: (a) Simulated color map of the proposed structure depending on
netr * tpeve Where fay= 0.80 and #a.= 35nm. Indicated marks represent the color
change by corresponding RIE etching times. (b-g) Photographs of fabricated

samples with different 7. - fpeve and etching times (b-d) in air (1. = 1.0) and

(e-g) in methanol (Zmethanol = 1.34).
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3.4.5. Multiple Colors for Environmental Function
Mimicry

Through all of these variables for generating a wide range of structural colors,
multiple colors were tested on a single MDM etalon sample through a series of
surface energy modification technique together with dielectric etching
processes prior/post to the top metal deposition for dielectric change of optical
path length controls (Fig. 3.11a). After establishment of the color guideline via
controls of physical factors (fau, feBvE, fau, and ne) of the etalon, the color
properties were applied for ‘information encryption’ using the optical
camouflage. To make a thickness difference of the PBVE layer, the bulk PBVE
film was spatially etched with controlled etching duration prior to the top Au
deposition, followed by an additional annealing at 180 °C (above the glass
transition temperature of PBVE, 108 °C), which is known to restore the original
surface energy of PBVE after RIE process [53]. Next, O, plasma mildly
enhanced the surface energy of the red dashed boxed area in Fig. 3.11b,
resulting fa, of 0.98 after Au deposition (Fig. 3.11c), whereas the black dashed
region shaded by a mask produced fa, of 0.86 (Fig. 3.11d). Finally, the bottom
half of the sample was exposed to additional RIE to form dielectric air pockets.
Figures 3.11e and 3.11f obviously show the PBVE nanopillars with different
thicknesses (blue dashed region with #peve = 165 nm while green one with tpeve
= 175 nm). Moving forward, this technique was applied to a more complicated

layer configuration of MDM etalon to demonstrate functional mimicry of
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discus fish whose appearance is changed in response to changes in the
environmental conditions.

Figure 3.12 shows 8 different sections with different structures and
corresponding layer information, simulated colors, and experimental colors
used to visualize a discus fish pattern. The resulting sample in Fig. 3.12b has
vertical line patterns in the body region, inspired by discus fish’s camouflage
ability to blend in with its surrounding tree roots (left inset). The cross section
of the red dashed line (Fig. 3.12b) follows the order (A to A’) of the schematic
structure in Fig. 3.12a. Interestingly, the proposed etalon shows highly sensitive
infiltration characteristics according to the surface tension of the solution.
While water (7wawer=1.34) on the fish-patterned sample did not show any
distinguishable change, the vertical patterns disappeared when it was immersed
in methanol (Zmethano=1.34) (Fig. 3.12c) which even has the same RI value of
water but affects much more environmentally hazardous to ecosystem. Such
demonstration of environmental sensitive structural color change (Fig. 3.13)
based on selective liquid infiltration into the air pockets of PBVE layer
emphasizes advantages of the proposed MDM etalon which is prepared based

on the physicochemical understanding of the fabrication procedures.
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Figure 3.11: (a) Schematic description of the sample fabrication process. (b)
Photograph of the resulting sample. (c-f) SEM images showing top surfaces of
dashed red box area and dashed black box area and cross sections of dashed

blue box area and dashed green area from (b), respectively.
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Figure 3.12: (a) Schematic cross-sectional layer information of the discuss fish
demonstration sample with measured fau,, tpeve, and feeve followed by
corresponding simulated colors and observed microscopic images. (b, c)
Photographs of the demonstration sample in air (7. = 1.00) and methanol
(Mmethanol = 1.34) with insets showing photographs of a real-world discus fish
with/without stripes (left/right, respectively). The red dashed line represents the

cross-sectional position of (a)
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Figure 3.13: (a-c) Schematic description and (d-f) photographs of a BEE in
various medium. Water does not infiltrate into the hollow insulator area,
remaining the original color of the sample as shown in (d). Between each
medium change, the liquid is dried by N, blowing, showing its reversible
functionality. Organic solvent is easily infiltrate into the hollow area and

changes the color of fish’s stripe depending on # of the solvent.
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3.5. Summary

Through understanding of physical variables of the MDM etalon for the
generation of structural colors, a wide spectrum of colors can be realized in a
single device utilizing nanostructures over a large area with simple and scalable
fabrication processes. Since the thickness variation of transparent dielectric
layer itself is incapable of showing visible color difference without existence
of the top Au layer, the proposed technique can be applied for multichromatic
image encryption as well as simple message encryption by utilizing FP
resonator. Also, its liquid permeability through the dielectric cavity makes it
useful for real-world applications not only in a refractive index sensor but also
in the demonstration of an optical camouflage with fast response and

reproducibility. The research work in this Chapter was published in [54].
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Chapter 4. Naked-Eye Observation of Water-
forming Reaction on Palladium Etalon:
Transduction of gas-matter interaction into light-

matter interaction via Palladium

4.1. Introduction

As climate change and indoor air quality management become paramount,
dynamic plasmonic coloration by gas exposure is emerging as a vital future
technology. Generally, gas adsorption onto metal oxides or polymers can trigger
charge trapping, which induces global or local electron density changes [55].
Although reduction-oxidation reaction [56] or metal phase transitions including
metal hydrides (MHx) [57, 58] by gas absorption can shift the reflectance
spectra, it is challenging to modify significant dielectric properties to reach
dramatic coloration. In addition, direct tracking of an underlying atomic
rearrangement and a reaction pathway in the course of gas-matter interactions
is impossible in the visible spectra. This is because the feature size of such
reaction components must be comparable to the resolution of the monitoring
equipment: length scale-mismatching. Alternatively, extensive efforts for
tracking the atomic/molecular interaction have been established by either
computational simulations such as density functional theory (DFT) [59] or
experimental proofs. Extravagant but state-of-the-art imaging techniques

including scanning photoemission microscopy (SPM) [60], low-energy
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electron microscopy (LEEM) [61], ellipso-microscopy for surface imaging
(EMSI) [62], reflection anisotropy microscopy (RAM) [63], transmission
electron microscopy (TEM) [64], and their multiple combinations are the
examples. However, such atomic-level observations can be visualized if atomic
gas-matter reactions can be translated into light-matter interactions, which can
remove the stringent restrictions of state-of-the-art measurement techniques.
Thus, one could circumvent the diffraction limit of measurements by bypassing
the length-mismatching restrictions and providing real-time tracking of atomic-

scale surface reactions, even the reaction pathway based solely on colors.

4.2. Basic Concept

In this chapter, a FP etalon was proposed to couple the gas-matter reaction to
the light-matter interaction by strategically designing a platform that confines
selective gas adsorption and subsequent water-forming reactions in various
chemical pathways. In a thorough understanding of the underlying principle of
colorimetric changes in FP etalon devices, different gas-reactive pathways at
the interface between a gas-permeable polymer film and palladium (Pd) metal
were observed with drastic color variation. Two distinct trends of color
variations (i.e. color foggy effect vs. white-out effect) in response to the
predominating gas exposure were found because of the different behaviors of
water-forming reactions (water bubble formation under O,-dominated Pd
surface and water film formation under H>-dominated Pd surfaces) (Figs. 4.1
and 4.2). Based on knowledge of surface chemistry and sequential exotic

optical phenomena by FP etalons, this chapter reports the most advanced and
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practical approach for gas stimulus-induced dynamic optical coloration
technology and investigated the underlying gas-matter physical/chemical
interaction behaviors using simple spectroscopy and naked-eye monitoring
methods. Based on this structure, atomic-scale surface reactions were verified
beyond the optical diffraction limit. Furthermore, this approach can fabricate
scalable hydrogen gas sensors. The proposed platform is fundamental for
understanding basic science and the fabrication of cost-effective gas sensors for

industrial applications.
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ubstrate

Figure 4.1: Overall mechanism and phenomena of water-forming reaction at
FP etalon. Layer description of FP etalon and H»/O, adsorption on the Pd

surface undergoing the atomic-level catalytic reaction.
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Figure 4.2: Conceptual illustrations of atomical gas adsorption and sequential
water-forming reactions inducing water bubble formation over the O»-
precovered (a) and Hr-precovered Pd surface (b) in response to H»/O, gases
exposure, resulting in optical foggy effect (c) and optical whiteout effect (d),

respectively.

48 el



4.3. Experiments

4.3.1. Fabrication of Pd-based FP Etalon Substrates

On a Si wafer, 10 nm of Ti adhesion layer and 10 nm Pd layer was subsequently
deposited using a thermal evaporator (MHS-1800, Muhan; 10-7 Torr; 2.0 A/s).
The PBVE polymer mixture was prepared by diluting 9.0 wt.% PBVE polymer
(Chromis Technologies) in a fluoro-solvent (FC-43, Chromis Technologies) to
obtain 6.0 wt.%, and then spin-coated on the Pd surface at 900 rpm for 30 s. To
eliminate air bubbles inside the mixture, it was placed at room temperature for
1 h and baked on a hotplate at 50 °C, 80 °C, 180 °C for 1 h each in order,
resulting in a 590 nm thick PBVE layer. The polymer layer was delicately
etched using RIE (RIE 80 plus, Oxford Instrument) to modify thicknesses for
different colors. Prior to top Pd deposition, a high surface energy of the PBVE
film was relieved by annealing it at 180 °C for 30 min. Then, 10 nm of top Pd

was thermally deposited on the PBVE film.

4.3.2. FLIC Pattern Analysis and Thickness Simulation

To uniformly cover the PBVE with a thin calcein layer, O, plasma surface
treatment (CUTE, Femto Science) was applied to enhance surface energy. Then,
0.64 mM of calcein dissolved in dimethyl sulfoxide(Sigma-Aldrich) was spin-
coated on the PBVE surface at 4500 rpm for 60s, followed by N> blow drying.
While 10 % of H, in N carrier gas was supplied to the gas chamber, the fringe

patterns on the sample surface were monitored with a microscope using
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fluorescein isothiocyanate (FITC) filters. Fluorescence intensity profiles were
measured to examine water bubble height.

For the 3D analysis of water bubbles, calcein, as the fluorescent dye with
excitation (4ex) and emission (Aem) wavelengths of 488 and 525 nm, respectively,
were applied on top of the PBVE layer. Because the z-direction height of the
calcein layer (z) varies owing to the water formed underneath it, the normalized

fluorescence (FL) intensity (F) can be derived using the following equation:

F = sin? (2”(nwater " Z + NppvE * tPBVE)) sin? (2”(nwater " Z + NppvE * tpBVE)

Aex Aem ) 4.1)
where tppve is the thickness of the PBVE, and both the refractive indices of
water (nwater) and PBVE (npgve) were approximated to be 1.34. As the height
(hwater) and radius (r) of the water bubble are determined, the corresponding z-

coordinate at the x-position can be calculated as follows:

, = Mwater + pBVE Nrrapes 42)

T
derived from an elliptical equation. For example, when fppve is 180 nm, the
number of interference patterns increases for every 110 nm increment of Awater
from 110 to 550 nm, as shown in Fig. 4.3. Therefore, it briefly interprets the 3D

shape of the water bubbles.

50



hyater =110 nmM

A Puaer =220 M ,\

Byater =330 nM

Byater = 440 M

A/\ 5/{ | 2';55?15\ /\Aiu

Length (um)

Norm. FL Intensity (a.u.)

©@@©®0 e

-10

Figure 4.3: Expected interference patterns and FL intensity depending on the
water bubble height. Simulated normalized FL intensity for /Zwater from 110 nm

to 550 nm when #ppye 1s 180 nm.
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4.3.3. Gas Control and Optical Analysis

To control the H> concentration, a mass flow controller (MFC) was used for
each gas. To realize the atmospheric conditions, a 1:4 ratio of O, and N, was
maintained for the carrier gas. The experimental setup is shown in Fig. 4.4. The
outlet of the chamber was connected to a hydrogen concentration analyzer (EN-
600, Shanghai ENCEL Instrument Co., Ltd.) to monitor the real-time H,
concentration inside the chamber. The reflectance spectrum was measured
using ultraviolet-visible spectroscopy (USB4000-UV-VIS, Ocean Optics) with
normal incident white light (DH-MINI, Ocean Optics) and a reflection probe

(R400-7-SR, Ocean Optics).
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Figure 4.4: Experimental Set-up. Schematic diagram of the gas exposure
chamber with reflectance spectrum measurement. Each gas flow rate of N2, O,

and H, is precisely controlled by a mass flow controller (MFC), and the H»

concentration of the outlet gas was continuously monitored.
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4.3.4. DFT Calculation

All DFT calculations were performed using VASP6 (Vienna Ab-initio Software
Package) with the projector augmented wave method (PAW) [65-68]. The plane
wave kinetic energy cutoff was set at 520 eV and Monkhorst-Pack 3x3x1 points
were used for calculations [69]. Perdue-Burke-Ernzerhof (PBE) exchange-
correlation functionals were used [70]. The forces acting on each atom were
relaxed to under 0.02 eV/A.

Four metallic layers of the face-centered cubic (FCC) Pd(111)-p(2x2) and
PdH(111)-c(2%2) surfaces were chosen to calculate the initial water formation
reaction steps. The two bottom layers were fixed to the bulk coordinates. An
oxygen coverage of 0.50 monolayer (ML) and hydrogen coverage of 0.50 ML
were set to model the initially oxygen-saturated Pd and hydrogen-saturated PdH

surfaces.
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4.4. Results and Discussions
4.4.1. Interfacial Confinement of Water-forming
Reaction at FP Cavity for Dynamic Plasmonic

Coloration

The FP resonance cavity, in which a gas-permeable polymer is sandwiched
between the top and bottom Pd metals, was prepared to improve the
performance of the gas-induced plasmonic coloration. Only H» and O, penetrate
and reach the polymer/bottom Pd interface where a catalytic reaction is
expected. According to the pertinent literature, the dissociative adsorption of
H; and O occurs competitively on the Pd surface, forming H,O [71-73]. Based
on DFT calculations, exothermic steps for H>O generation with different energy
pathways are expected as a function of the surface chemistry of the Pd(111)
surface (O- vs. H-covered Pd). The H-covered Pd surface shows preferred H»
dissociation over the O-covered Pd surface due to the exothermic transition
from state II to III (Fig. 4.5). This led us to assume that different ratios or types
of H>O genesis are expected. For instance, the different H,O genesis pathways
and resultant distinct H>O types (i.e. bubbles and film) may cause distinct
optical phenomena (optical foggy effect and white-out effect). Then, we can
monitor the atomic scales of surface catalytic reactions in color via light-matter
interactions. Consequently, real-time and dramatic color changes in response to
the alteration of the physical properties of the dielectrics (polymer insulating
layer and newly formed water film) of the FP etalon can be realized by coupling

the light-matter interaction of the FP cavity with the gas-matter reaction, which
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permits the water droplets/film and concomitant structural color change

through gasochromic observation.
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Figure 4.5: Energy profiles for dissociative adsorption of H»/O, and H,O

formation/desorption on the Pd(111) surface initially exposed to O, (Black) and

H» (Red)
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4.4.2. Water Bubble Formation at the Polymer/Pd

Interface

Figure 4.6 shows the Pd-assisted catalytic reaction that produces water bubbles.
At equilibrium, as the physisorption of O, on the Pd surface is
thermodynamically more favorable than that of H, the surface coverage of
adsorbed H is relatively small [74]. High surface coverage of O, on the Pd
surface interferes with the dissociative adsorption of H, involved with the
correlation between the d-orbital of Pd and the s-orbital of H, degrading the
efficiency of the water-forming reaction. When the coverage of dissociated Ha
on the Pd surface exceeds the threshold, spontaneous genesis of water film (O»
+ 2H, = 2H»0) occurs at room temperature, experimentally proven under the
critical pressure ratio of O»/H, < 2.5 [71]. However, for spatially H,-covered
spots surrounded by overwhelming O,-covered area, the water-forming
reaction will occur in the forms of ‘water bubbles’ discarding the possible
scenarios of a nanometer-thick water film and their successive growths via
coalescence processes. In addition, the H,O evaporation rate should be
suppressed and minimized than the H,O generation rate to maintain the pre-
formed H,O bubbles. For this, the Pd surface was coated with a 180-nm thick
PBVE film as a sieve layer with selective gas permeability only for O, and H»
[75]. Oxygen permeability through a Pd-covering PBVE membrane is essential
to trigger the water-forming reaction. As a control experiment, we compared
the gas colorimetric behavior of another sample prepared using O;-

impermeable polymethyl methacrylate (PMMA) as a dielectric film. There
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were no water bubbles under identical H, conditions, confirming the role of
dielectric films in water formation via selective gas permeability (Fig. 4.7).

To investigate the formation of water bubbles by H, adsorption at the
PBVE/Pd interface, a sample with PBVE/Pd/titanium (Ti) (180 nm/10 nm/10
nm) on a silicon (Si) substrate was exposed to 10% H> in a gas chamber (N»:0,
=4:1 as a carrier gas), and the dynamic water bubbles formation was monitored
in real-time under a microscope (Fig. 4.8). A Ti layer promoted adhesion
between the PBVE and Pd films and suppress abrupt phase change (from a to
B phase) causing Pd film deformation such as peeling and wrinkles [76].
Randomly positioned outbreaks and growth of micron H,O bubbles, followed
by coalescence between neighboring bubbles, were observed (<130 s), which
varies from previous studies of nanometer-thick transient water generation
without a Pd-covering membrane [72, 73, 77]. After turning the H» supply off
(>130 s), we observed a gradual decrease in the water bubble volume and
subsequent disappearance (225 s) equal to the initial state (0 s).

Three-dimensional (3D) PBVE deformation during the water-forming
reaction was confirmed via fluorescence interference contrast microscopy
(FLIC) [78]. For FL visualization, a thin layer of calcein as the fluorescent dye
was coated atop the PBVE surface, followed by 10% H, exposure (Fig. 4.9).
Interference-assisted alternative bright/dark patterns arise from the vertical
movement of the dyes, and FITC-labelled calcein and the resultant fringe
patterns allow an analysis of the height of water bubbles (Fig. 4.9b). Figure 4.9¢
shows the normalized FL intensities measured from Fig. 4.9b as a function of

the water-bubble scanning length with corresponding simulation results. The
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intensity profiles of the fringe patterns along the dashed lines confirm that more
fringes can be created as the exposure time or H, concentration increases.
Tracking FL molecules via simulations revealed that the PBVE membrane
swelling owing to the water bubble growth underneath the calcein layer
experienced a height alteration of 138 nm (red), 290 nm (blue), and 470 nm

(orange) during 100 s (Figs. 4.9d).
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Figure 4.6: Schematic illustrations for understanding the underlying
mechanism of water bubble formation on Pd surfaces after H,/O, adsorption

undergoing the atomic-level catalytic reaction.
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Figure 4.8: Top-view microscopic images and corresponding side-view
illustrations of PBVE-coated Pd surface under H, gas exposure at atmospheric

condition. Scale bar, 10 pm.
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4.4.3. Optical Foggy Effect by Water Bubbles Induced

Light Diffusion

This study realizes various color changes by reinforcing light-matter
interactions based on the volume change of the dielectric layer. To boost the
light-matter interaction, the FP resonator [79], underpinning the naked-eye
observation of the water-forming reaction, was adopted by depositing another
Pd layer on the PBVE surface. A MDM structure, known as the FP etalon,
enables sensitive color variations as a function of physicochemical properties,
such as the thickness and RI of the dielectric layer [35, 51, 54, 80]. Thus, their
modulation induced by water bubble formation and growth at the PBVE/Pd
interface would cause a dramatic color shift. In addition, hemispheric water
bubbles may cause diffuse reflection of incident light as they act as individual
lenses (Fig. 4.10).

Designing a perforated top metal layer with efficient transreflective
characteristics is essential for generating the FP resonating effect. The optimum
deposition thickness of 15 nm with a volumetric filling fraction of 0.45 for the
nanoparticulated Pd layer was selected through experimental optimizations and
a computational simulation to advance the FP resonance effect for producing
wider range of color displays. The top-view (Fig. 4.10b) and side-view (Fig.
4.10c) SEM images show that a 15-nm-thick Pd layer was deposited on the
PBVE film. The FP etalons on a 4-inch Si wafer with varying dielectric PBVE

thickness, tpavE, values from 0 nm to 590 nm at 10 nm intervals were controlled
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by a delicate plasma etching process, showing excellent correspondence in
reflection color trends with simulation results (Figs. 4.10d and 4.11). The tpve
increases from the left-bottom corner (0 nm) to the upper-right corner (590 nm).
Figure 4.11 shows that reflection colors of the FP etalon turn discolored and
eventually become foggy when exposed to 10% H, under atmospheric
conditions. As predicted in Fig. 4.10, diffuse reflection due to newly formed
micron-water bubbles interrupts the FP resonance, thus resulting in foggy
colors (bottom-right photograph of Fig. 4.11, at 6 min), and this transition is
fully reversible. After establishing that color transition occurs due to water
bubble formation in the dielectric layer, we quantified the critical gas values
that trigger color transitions. The reflectance spectra at the center yellow area
(red-dashed square in Fig. 4.11) were measured as H, concentration was
gradually increased and decreased by 1% every 5 min (Fig. 4.12a). When H»
concentration reaches 7%, nearly corresponding to the critical ratio of O»/H, =
2.5, the waveform of reflectance over the visible range begins to flatten
(lowering peaks and raising dips shown in Fig. 4.12b). By plotting the peak
reflectance around 400 nm wavelength depending on H, concentration (Fig.
4.12c), the water-forming reaction vigorously occurred from 7% to 8% and then
decreased from 4 %. The rapid reduction in the peak reflectance over 7% H,
indicates that the water bubble formation and coalescence are instantaneously
accelerated at around a critical ratio of 2.5. The slow recovery of the peak
reflectance with decreasing H> concentration is probably attributed to the
thermodynamically unfavorable desorption of H>O molecules at the Pd surface

endothermic transition from state V to V1 in Fig. 4.5). At 4% Ho, the recovery
dothermi ition fi V to Vlin Fig. 4.5). At 4% Ha, th
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rate gradually increased because minuscule water bubbles only existed. An H,

concentration-dependent change in the peak reflectance (lowering peaks and

raising dips) was continuously observed in multiple H, injection/purging cycles,

demonstrating the excellent repeatability (=28x) of our FP etalon, considering
that typical metal-hydride-assisted color displays showed limited (=20%)

operating cycling numbers (Fig. 4.13) [14].
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Figure 4.10: Schematic illustrations of FP etalon prior to (left) and post to (right)
the water bubble formation with resultant optical effect. b, c) SEM images of
the etalon sample. Top-view- (b) and pseudo-colored side view images (c) after
focused ion beam milling (red: epoxy coating layer, blue: PBVE). d) Simulated
reflection color gradient on the FP etalon with different thicknesses of the

PBVE, fpgve. Scale bar in (b), 50 nm. Scale bar in (c¢), 200 nm.
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Figure 4.11: Photographs of FP etalon on a 4-inch wafer under 10% H, showing

color reversibility at atmospheric condition. Scale bar in, 2 cm.
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Figure 4.12: (a) Measured reflection spectra as a function of H, concentrations

(0-10%) at the red-dashed area of Fig. 4.10. b) Sampled reflection spectra (each
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4.4.4. Multichromatic Change by the Water-film

Formation and Following Whiteout Effect

O,-predominated Pd surface promotes random water bubble formation under
H; gas exposure. The Pd-dominated gas can determine the surface chemistry
and resultant water formation types. The colorimetric changes in the FP etalon
after preparing the H-predominated Pd surface before the O, gas supply was
investigated and it was examined whether such different surface properties
promote distinct forms of water products. In accordance with previous studies
that a nanoscale water film could be formed when a Pd surface is entirely
preoccupied with H, before the O, gas supply [73], the FP etalon was exposed
to 10% H, for 5 min to induce full B-phase Pd hydride (PdH) and Ho-
predominated Pd surface [81], followed by 20% O- gas supply (Fig. 4.14). The
uniform formation of nano-water film at the PBVE/Pd interface is useful in the
optical interpretation since the RI of water (n = 1.33-1.34 in the visible range)
is similar to that of PBVE (n =1.34 at 550 nm and 1.333 at 1.55 um). Thus,
generating a nanoscale water film underneath the PBVE layer can be simply
interpreted as thickening the dielectric layer of the FP etalon, enabling
multichromatic changes as a function of the water film thickness. Figure 4.15
shows reversible and drastic color changes in the 10% H, pre-exposed etalon
under 20% O gas exposure. Compared with the color changes above (Fig. 4.11),

a rapid and dramatic color change was observed, producing an exotic optical
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white-out effect in 10 min. In addition, reversible color recovery was completed
within 20 min after cutting off the O, supply.

To elucidate the water-film thickness-based color variation on the FP
etalon, the time-lapse spectra was analyzed at the center yellow area (red-
dashed squares in Fig. 4.15) with increasing O, concentrations up to 20% by 2%
every 1 min (Fig. 4.16). The red shift of the measured waveform was initiated
at 12% O, concentration (8 min) and maximum before the gas cut-off (12 min).
The red shift in the visible range is attributed to the increased effective thickness
of the dielectric film (PBVE + water). A simulation was conducted by varying
taielectric t0 confirm the effect of dielectric film thickening on the color shift of
the FP etalon. Simulations verified that the measured spectral shifts arose from
the dielectric thickening effect, that is, additional H>O film formation below the
PBVE layer. The second resonance peaks, extracted from the reflection spectra
(Fig. 4.16a), show not only a red shift but also an overall decrease in magnitude
(Fig. 4.16b). From an optical analysis perspective, the thickening of the
dielectric film caused the coexistence of a higher-order resonance wavelength

in the visible range, resulting in the white-out of the FP etalon (Fig. 4.16c¢).
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Figure 4.14: Schematic illustrations describing water-film formation on f3-

phase PdH surface.
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Under 10% H; 10% H, +20% O,
A min

Figure 4.15: Time-lapse photographs of the FP etalon under 10% H, followed

by 20% O, exposure. Scale bar, 2 cm.
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Figure 4.16: (a) Measured reflection spectra as a function of O, concentrations
(0-20%) at B-phase PdH surface (red-dashed area of Fig. 4.15). (b) Sampled
reflection spectra (each color matches to dashed lines in (a)). (¢) Simulated
colors of the FP etalon depending on #gpve (400-1200 anm) plotted on CIE 1931
color space (black). The measured spectra from (b) are plotted with respective

colors.
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4.4.5. Scalable and Transparent Display for Gas Detector

via Water-forming Reaction

Implementing the water-forming reaction at the gas-permeable polymeric
membrane and Pd interface can cause substantial innovations in various
hydrogen applications. Forthcoming commercial coloration device technology
must fulfil both aesthetic elements and outstanding performance and must be
prepared in a facile fabrication process over various solid supports (such as a
transparent and flexible substrate) in a scalable manner. Furthermore, it would
be beneficial if the MDM could comprise various dielectric and metal
components with identical functions. Respectively, our proposed technology
can realize various theme colors by simply controlling the thickness of the
metal and polymer layers. Furthermore, delicate and aesthetic drawings or
patterns of a few microns can be easily fabricated via compatible semiconductor
processes, meeting demanding industrial needs with high prospects for
commercialization and technological standardization.

By depositing all metal layers through a shadow mask, a flower-patterned
etalon (f-etalon) was prepared on a 2.5 cm x 2.5 cm glass substrate (Fig. 4.17).
Because faicieeric determines the overall reflection colors, spatially selective
PBVE etching by the RIE process produces a wide color range of flower
patterns. The top Pd, as a trans-reflective layer, can be replaced by other
perforated metal films, including Au or silver (Ag), as they maintain color

changes in response to the gases (Fig. 4.18). No colorimetric changes were
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monitored when top metal metals were passivated with a flat film without nano-
punctuation. Fast deposition rate (1 A/s) results in full coverage of the dielectric
layer barely allowing nano-apertures formation at the top metal layer when
compared to the slow deposition rate (0.2 A/s) of f-etalon. The f-etalons
prepared by Au and Ag top metals showed drastic color changes under H,
exposure.

For accomplishing water-forming-assisted color changes, a perforated top
metal film is essential because the opening at the top metal layers allows gas to
penetrate across the top metal layer. Figure 4.19 represents that the ‘optical
foggy effect’ (upper line) and ‘white-out effect’ (bottom line) were still
available in the f-etalon havingl0-nm-thick Ag top metal, compared with the
same color-changing behavior at the f-etalon with 10-nm-thick top Pd. For
instance, the reference color of the f-etalon (red square of yellowish flower
petals) gradually faded and then shrouded by a pale gray color at 600 s (foggy
effect). Meanwhile, the yellow color of the identical zone turned white within
240 s (white-out effect) after O, injection.

Structural color intrinsically produces angle-dependent color variation due
to its increased optical path length in the resonating dielectric film. The etalon
color varied with increasing viewing angle (from 0° to 75°), resembling the
effect of thickening the optical cavity. Because the diffuse reflection by water
bubbles is angle-independent, the foggy effect can occur at any viewing angle
(Fig. 4.20), making the proposed etalon structure applicable to gas leakage
warning smart windows. As schematically demonstrated in Fig. 4.21a, the f-

etalons installed in a hydrogen gas storage facility can instinctively recognize
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the leakage of H, gas by dimming the original colors of the flower patterns.
This scenario was demonstrated using an actual miniature model by placing

four f-etalon samples inside a miniature gas tank storage room (Fig. 4.21b).
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Figure 4.17: Schematic layer description (a) and photograph (b) of 12

fabricated f-etalon samples on glass substrate. Scale bar, 1 cm.
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a Pd (15 nm, 1A/s)

b

Au (20nm, 0.5 Afs)

c 10nm,0.3 A/s

=
F

Figure 4.18: The f-etalons prepared with different top metals with various
filling fraction. Top view SEM images and photographs of f-etalons of which
top metals are a film-like Pd (a), nanoparticulated Au (b), and nanoparticulated
Ag (c). For water-forming test, identical gas moods were exposed to the
samples. Scale bars in (a), 100 nm (left), and 1 cm (middle); the scale bars in

(a) also applies to (b) and (¢).
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Figure 4.19: Photographs of the sample with Ag top film displaying color

variation in response to different gas composition. Scale bar, 1 cm.
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Figure 4.20: Angle-dependent color variation and foggy effect under H»

exposure. Scale bar, 1 cm.
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Figure 4.21: Scheme of f-etalon on glass applied for H, leakage warning
window (a) and its demonstration in a miniaturized H, storage facility (b). Scale

bar, 1 cm.
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4.5. Summary

Water-forming reactions and O species in the air have been considered as
interrupting side reactions and impurities to avoid H, storage and sensing
technologies [82]. Here, these unwanted phenomena were applied to make the
molecular reaction of H, and O, visible by transducing the gas-matter reaction
into light-matter interactions over the Pd catalyst. In the transducing process,
the formation of an H»O film at the PBVE/Pd interface is critical in dynamic
coloration as it determines the overall tgiciectric cOnstant.

The strategic passivation of deformable PBVE films over bottom Pd
metals allows H>O products to accumulate at the microscopic level via
successive growth or coalescence processes. The selection of a gas-permeable
polymer membrane as a dielectric film plays multifunctional roles: i) a physical
barrier for the suppression of H,O evaporation once they are generated at the
PBVE/Pd interface, ii) a dielectric layer allowing transmission of the incident
light, and iii) reliable detection performance even in a humid environment
which is one of the chronic hurdles of electrically biased H» sensors [83].
Applying a perforated top metal film is essential for creating structural colors
by its efficient transreflective characteristic yielding the FP resonating effect
and for allowing gas penetration through the nano-apertures of the metal film.
There was no color change under H»/O, exposure when the top Pd was
nanohole-less, which confirms that the perforated metal film is key for dynamic
coloration, as it allows gas reactants and products to cross the metal film.

Leveraging the underlying principle of the FP resonator, the in-situ

tracking of different types of H,O products was optically realized via gas
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stimulus-induced dynamic optical coloration. Based on the color variation as a
function of dielectric changes, the experiments showed exotic optical
phenomena: the water bubble-assisted ‘optical foggy effect’ and the water film-
assisted ‘optical whiteout effect’. Quantitative analysis of H>O
production/desorption has been achieved only by mass spectrometry [84]. But
no further information has been provided, such as tracking chemical reaction
pathways. The proposed dynamic optical coloration technology provides
information on how H, and O, react at the PBVE/Pd interface and allows the
tracking of gas-matter physical/chemical interaction behaviors using simple

spectroscopy and naked-eye monitoring methods.
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Chapter 5. Fabry-Perot Cavity Control for

Tunable Raman Scattering

5.1. Introduction

Recently, a promising future analytic approach that enhances the conventional
SERS platform with fixed limit of detection (LoD) values or static optical
performance as an analytical device has been proposed not only to lower the
LoD but also to provide additional functionality to Raman-based platforms.
New trends in the exploration of “dynamic Raman scattering technology”
demonstrate their flexible optical performance for maximizing the SERS
signals in response to the various analytes, excitation lasers, and surrounding
environments by modulating composing materials, shape, periodicity, working
media during measurements. For this purpose, an EM near-field enhancement
at local areas around metal nanostructures and its far-field response should be
considered as they govern the overall performance of the SERS techniques, that
is, SERS EF. The near-field enhancement by a localized EM field has
contributed to an improved understanding of the molecular interactions [85]
and inter-particular distance [39], while the far-field optical response has
enabled the experimental tracking of the inter-spatial and geometrical
properties of the constituting Raman structures. A change in such inter-
molecular [86] or inter-particular spacing modifies both the near-field and far-
field enhancements, thereby tuning the overall optical absorption in response to

pH [86], temperature [87], strain [88, 89], moisture [90, 91], biochemical
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molecules [92], and gases [93]. The SERS effect is highly dependent on the
composition of materials and their nanostructured alignment/arrangement, and
the development of a SERS platform that is reliable and reproducible in
response to repeatable external stimuli-driven chemical/geometrical
deformation remains a technical hurdle for practical applications. For example,
highly populated nanoparticulate SERS chips may lose their Raman sensitivity
owing to the reduced near-field SERS effect during the modulation of the
interparticular spacing for far-field response modification [87]. Therefore, it is
desirable to sustain the optimal near-field enhancing structure while modulating

the far-field response.

5.2. Basic Concept

In this chapter, placing a mirror metal underneath the near-field-generating
optical hotspots with a controlled vertical gap distance, as well as engineered
materials, could prevent the loss of the overall SERS effect. The design of a
reconfigurable optical cavity that re-optimizes the optical interference for
maximum SERS EF may tune the photonic performance of analytical devices
with controlled Raman scattering. To do this, we propose the FP etalon to
maximize the SERS EF values by positioning the in-plane near-field plasmonic
metal nanostructure as a top film. The far-field response is tuned via
physicochemical modulation of the sandwiched dielectric layer between metal
films. The mechanism of the optical interference from the FP resonator is far-
field in nature, thereby tuning the overall magnitude of the Raman signals

determined by the physical properties of the dielectric films [94]. In an FP
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etalon, the nanoparticulated top metal layer plays multi-functional roles as (i) a
“liquid channel” enabling solvent permeation across the top solid film, (ii)
“optical hotspots” generating the near-field SERS effect, and (iii) a “shadow
mask” enabling spatial etching of underneath dielectric film. Computational
and experimental analyses have been thoroughly proven not only to optimize
near-field Raman enhancement but also to modulate the far-field Raman
response. The featured Raman switching effect was further applied to dynamic

Raman anticounterfeiting devices under solvent exposure.
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Figure 5.1: Conceptual illustrations of tunable Raman signals via the structural

modulation of FP etalon.

x
90 it



5.3. Experiments
5.3.1. Fabrication of an FP Etalon Substrate for

Dynamic SERS Signal Tuning

A 10-nm Ti adhesion layer and a 120-nm Au layer were deposited on a Si wafer
using an e-beam evaporator (EI-5K, ULVAC). PBVE films having various
thicknesses were spin-coated with the PBVE polymer solution [a mixture of 9.0
wt% PBVE solution (CyclAFlor Clear, Chromis Technologies) and fluoro
solvent (CyclASolv-PFC180, Chromis Technologies)] and annealed on a
hotplate at 80 °C for 1 h. A nanostructured top Au layer was slowly deposited
on the PBVE dielectric layer via thermal evaporation (107 Torr, 0.3 A/s).
Finally, oxygen plasma reactive ion etching (RIE, 100 mTorr, O gas flow of
100 scecm, and RF power of 50 W) was performed to create hollow voids in the

dielectric layer.

5.3.2. SERS Measurements

To anchor thiophenol on the Au nanostructured layer, the substrates were
immersed in a 1x10~ M thiophenol-ethanol solution for 20 min. Subsequently,
the samples were soaked in ethanol to eliminate residual analytes and were then
dried. For the message-encryption sample, the substrate was placed on a
thiophenol solution with the top Au layer facing downward. The Raman spectra
were obtained using a confocal Raman microscope (inVia Reflex, Renishaw)
with an excitation laser at a wavelength of 785 nm (laser power: 2.5 mW and

laser spot size: 2 x 10 pum, ellipse) and a 50x objective lens of NA = 0.5 (Leica,
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Germany). Raman signals were measured at an exposure time of 1 s. Several
Raman measurement conditions were modified for specific cases. For example,
Raman mapping images were obtained with an exposure time of 0.5 s, and the
1,2-bis(4-pyridyl)ethylene (BPE) Raman spectra were measured by drop-

casting BPE-ethanol solutions.

5.3.3. Numerical Simulations

Finite-element method (FEM) simulations were performed using COMSOL
Multiphysics 4.3a software. A 3D simulation was performed to obtain the
plasmonic electric field of the nanostructured top Au film using a boundary line
extracted from the SEM images. The excitation light was set to a wavelength
of 785 nm and was linearly polarized. The cavity EF was calculated from a 2D
MDM structure. The refractive indices of the top Au layer and the PBVE
dielectric layer were estimated using BEMT. In the simulation, 750-950 nm
wavelength light was used to consider the electric field of the excitation and
scattering light. The maximum electric-field intensity was extracted from the

top Au layer, and the cavity EF was calculated using Eq. (1.1).
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5.4. Results and Discussions
5.4.1. Underlying Principles of Tunable SERS Effect on

the FP Etalon

Figure 5.2 illustrates the SERS effect of the FP etalon and randomly dispersed
self-assembled Au nanoparticles over the hydrophobic polymer, PBVE. First, a
120-nm-thick Au film was deposited on the Si surface, followed by a 240-nm-
thick PBVE coating via a spin-coating process. PBVE was chosen as the
dielectric film because of its low surface energy for low-density Au nucleation
and its excellent transparency (>95%) in the visible spectrum. Then, using a
single thermal deposition step with a slow evaporation rate (0.3 A/s), a uniform
and large-area Au film having nanonetworks with nanoapertures was prepared
[35]. Given that the analytes spreading over a flat Au film barely yield Raman
signals, our single-step technique for forming a porous Au film via a
conventional thermal evaporator is highly advantageous not only in its simple,
scalable, and cost-effective process but in generating strong near-field Raman
enhancement by abundant nanogaps in the networked film.

The far-field Raman enhancement induced by optical interference can be
combined with the near-field enhancement in a simple multiplicative manner
[95]. For the far-field modulation of the Raman enhancement effect, which
determines the overall SERS EFs through the optical interference of the FP
etalon, its physical parameters should be considered. It is widely known that
the FP cavity generates far-field resonance through the underlying principle of

optical interference; therefore, geometrical or material modulations of the
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dielectric film (e.g., thickness and RI) lead to the manipulation of optical
resonances. As conceptually described in the right schematics of Fig. 5.1, a
combination of a near-field-enhancing nanogap-rich porous metal layer (Fig.
5.3a) and an FP cavity with tunable dielectric layers (Fig. 5.3b) obtained by
accessing external air or liquids will provide an opportunity to dynamically
manipulate the overall SERS EFs. For example, when the resonance
wavelength, Aw.s, of the FP etalon is mismatched with the wavelength of
excitation, a weak SERS signal can be detected, whereas when A of the FP
etalon matches the wavelength of excitation or scattering light, a strongly
amplified SERS signal can be realized as molecules are located near the Au
surface. When the etched dielectric area is immersed in liquids with a distinct
RI, an increase or decrease in the Raman intensity is expected in response to

the dielectric properties of the layered substrates.
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Figure 5.2: Conceptual illustrations of SERS intensities from uniform
distribution of randomly dispersed Au nanoparticles and manipulation of
nanogap-induced near-field enhancement via Fabry-Perot resonance as a

function of dielectric properties of PBVE film.
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Figure 5.3: Top- (a) and side-view (b) SEM images of FP etalon for tunable

Raman substrate.
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5.4.2. Maximization of Near-field Raman Enhancement

via Au Nanoparticular Assembly

To evaluate the optimal Au nanoarchitecture yielding the maximum near-field
enhancement, we explored the morphological and optical characteristics by
varying the deposition thickness of the top Au film. Note that only the PBVE
film was pre-coated on a transparent glass substrate, followed by different Au
deposition thicknesses at a fixed deposition rate and vacuum conditions to focus
on the role of Au morphology in the SERS EFs (Fig. 5.4a). The low-density
nucleation of Au nanoparticles on the PBVE layer results in an increase in the
filling fraction, fau, of Au proportional to its mass-equivalent thickness (Zau).
Top-view SEM images showed that a larger fa, was observed with a thicker #au.
A control experiment was also conducted with a 40-nm-thick Au at a deposition
rate of 2.5 A/s, which clearly emphasized the role of the slow deposition rate
(0.3 A/s) on nanoparticular assembly producing nanoapertures and their growth
in size at the same thickness (Fig. 5.4b). Stronger SERS signals arise from
either a closer distance between neighboring nanoparticles or a larger number
of hotspots with high populations. Thus, the realization of an optimal
nanomorphology yielding the maximum SERS signals is highly dependent on
the top Au nanostructures. From the results, we found that a slow deposition
rate (0.3 A/s) allowed the formation of nanogaps between neighboring
nanoparticles up to za,= 40 nm over the PBVE surface. Thus, a greater number
of hotspots were created without the need for cumbersome and time-intensive

chemical treatment [95] or annealing process [96, 97]. The optimum 4, values
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were examined using an electric-field distribution simulation to estimate the
near-field enhancement from the experimentally obtained SEM images (Fig.
5.5). Simulations were performed to determine the primary factors that affect
the improvement of near-field SERS EFs: nanoparticle density, size, and the
gap distance between them. The simulation results clearly show that Au
nanoparticles prepared with #ax = 30 ~ 40 nm yield the strongest field
enhancement, which was confirmed by experimentally measuring the Raman
signals of thiophenol absorbed on the Au nanoparticular substrate with varying
tau. Samples were prepared by immersion for 20 min in a 1x10-* M thiophenol
solution in ethanol, followed by rinsing for 10 min in pure ethanol. The Raman
signals were measured from five randomly chosen spots on the substrate under
a 785-nm laser. All SERS measurements were performed under these
conditions, unless otherwise stated. Representative Raman spectra measured
from thiophenol on Au nanoparticles with different 4. values are displayed in
Fig. 5.6a. The simulated electric-field intensity was surface-averaged to plot the
quantification values (Fig. 5.6b). The good agreement between the simulated
electric-field intensities and the measured SERS signals at a Raman shift of
1573 ecm! (11573, Fig. 5.6b) implies that a 7a, value of 30 or 40 nm is the optimal
thickness, yielding maximum near-field enhancements. Larger portions of
interconnected Au nanoislands were observed at £4,= 40 nm compared with the
case at fay,= 30 nm. Thus, we selected 4= 40 nm for the optimal ¢4, values,
considering that the reliable and stable nanomorphology construction was
expected to have higher sample durability under repeated liquid exposure than

that of za,= 30 nm. For a quantitative evaluation of SERS EF, BPE was drop-
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casted on a 40-nm-thick Au substrate (Fig. 5.7) and monitored via Raman
spectroscopy, resulting in a SERS EF of 10°-108, which is similar to related
studies performed using maskless RIE [17, 98, 99]. Moreover, the transparent
nature of the PBVE polymer in the Raman shift range was found to be suitable
for the spacer of the etalon by checking SERS signals measured from the front

and back sides of the substrate (Fig. 5.8).
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Figure 5.4: Effect of top Au nanoarchitecture on SERS intensity. (a) Schematic
description of top Au nanogeometry on the PBVE surface as a function of
deposition thickness, fau. (b) SEM images of thermally deposited Au on the
PBVE, varying fa, from 10 nm to 70 nm (constant 0.3 A/s of deposition rate

except for the 2.5 A/s of control experiment).
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Figure 5.5: Computer simulation showing amplified electric-field distribution
on three representative Au structures with za, values of 10, 30, and 70 nm. Each

geometry was sampled from the corresponding SEM images shown in Fig. 5.4b.
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Figure 5.6: (a) Raman spectra of thiophenol measured from the substrates in
Fig. 5.5b under 785-nm laser. (b) Plot of Raman intensity at a Raman shift of
1573 c¢cm! (black) and simulated electric-field intensity at the excitation
wavelength 785 nm (red) as a function of #a,. The electric-field intensity was

calculated from surface-averaged values on the Au surface.
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Figure 5.7: Limit of detection for 40-nm-thick nanostructured top Au on a
PBVE surface. (a) Measured Raman spectra of the BPE molecules at different
concentrations adsorbed on a 40-nm-thick Au layer. (b) Measured Raman

spectra of BPE on a bare glass. All spectra were averaged from signals of five

randomly chosen areas.
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Figure 5.8: Optical transparency of PBVE and Raman spectra collected from
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5.4.3. Modulation of Far-field Raman Enhancement

Effect via Dielectric Tuning

After establishing the optimal fa, for maximizing the near-field SERS effect,
we prepared a MDM etalon for the FP cavity architecture by applying a 120-
nm-thick Au mirror film underneath the PBVE layer. In chapter 3, it was m that
the FP resonance of an MDM etalon depends on the thickness (fppve) and
effective RI (nerr) of the dielectric layers. Because A originates from a
particular wavelength absorption at the FP, we propose that the far-field
enhancement interacts with the structural properties of the FP etalon, #psve, and
nesr. To confirm this, Au-PBVE-Au etalons with different #psve values were
prepared by adjusting the spin-coating conditions (Fig. 5.9). The resonance dips
of s tended to red-shift as #pve increased (Fig. 5.10a). For example, the FP
sample with fpgve = 175 nm exhibited a resonance dip at Aws = 680 nm. Then,
the resonance dip shifted to the infrared range, passing through 785 nm (the
wavelength of the Raman laser source), while #ppyE increased to 335 nm.

To accurately predict the far-field enhancement of the FP etalon, we
displayed a heat map indicating cavity EF as a function of tpeve using FEM
simulations (Fig. 5.10b). Unlike randomly dispersed Au nanoparticles, FP
resonance has a relatively sharp resonance wavelength. As represented in Eq.
(1.1), the SERS EF is highly dependent on the electric field intensity at Acx and
Ase, implying that cavity EFs vary with Acx, Asc, and fpgve. In the simulation, the
top Au nanostructure was modeled as a single-material film based on effective

medium theory [100] to identify the effect of optical interference. Note that the
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top film of the FP cavity was heterogeneous: a mixture of Au metal and air with

fau= 0.65. The simulated far-field SERS EFs at 1573 cm™ (Asc = 895 nm) as a
function of #ppve are plotted in the red curve in Figure 3d. For the experimental
measurements, thiophenol was applied to the top Au film, and Raman peak
intensities at 1573 cm™ (I1573) were displayed along with the cavity EF at 1573
cm’!. Both the experimental and simulation results show that there is a dramatic
decline in the Raman enhancement over fppve > 240 nm, which provides an
insight into the practical application of our FP etalon as a “Raman switch” for
SERS signal on/off. Moreover, the two dips in fpeyve between 230 nm and 300
nm show that constructive interference affects individual Raman signals as they
pass through Aex and s (Fig. 5.11).

The top Au nanoparticles perform multifunctional roles not only as optical
hotspots for the near-field enhancement effect but also as a shadow mask for
the creation of air pockets in the dielectric film via the RIE process. Through
directional etching of the dielectric layer, the ner value of the dielectric layer
can be adjusted, thereby modulating the far-field SERS EF. The FP sample with
teave = 240 nm underwent O, RIE from 0 s to 45 s at 15 s intervals, confirming
the blue-shift of A.sas the etching duration increased (Fig. 5.12a). This indicates
that the thinning effect of the PBVE was caused by an increased amount of air.
Note that n.iris 1, and n.qr of the dielectric layer is the effective value between
nair and npgve. The experimental SERS intensity of thiophenol adsorbed in each
FP etalon with different etching durations confirms that the 45 s etched FP
etalon with A.s = 785 nm shows the strongest SERS intensity under 785-nm

laser illumination (Fig. 5.12b). Figure 5.12¢ shows that the longer the time for
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which the dielectric film was etched, the stronger the SERS signals that were
measured. In addition, the excellent agreement between the simulation and
experimental data shows that the maximum far-field SERS effect is expected
when the FP etalon producing A (at tpeve = 240 nm by 45 s etching duration)
matches the excitation and scattering wavelengths. Collectively, the optical
path length control across the dielectric layer can modulate the overall SERS
intensity, causing far-field enhancement tuning as it provides an opportunity for
the realization of a new dynamic Raman scattering technology. Quantitative
measurements using BPE also revealed an enhancement effect of optical

interference (Fig. 5.13).
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Experimentally measured reflectance (blue) and simulated reflectance (red) on

the MDM structure with flat top Au films.

108



100 1.5
80
60 K % 09
= ol 2 2
40 (my & . o
m 5
; =200 =295
20 =220 =315
0 = 240 =335 0
500 600 700 800 150 200 250 300 350
Wavelength (nm) fegve (NM) 150 200{,:5\}255?nm)300 320

Figure 5.10: (a) Measured reflective spectra for different dielectric layer
thicknesses with varying tppve. (b) Simulated SERS EF in FP cavity (cavity EF)

with distinct zpeve. (¢) Measured SERS intensity and simulated cavity EF at the

1573 cm-" as a function of tpevE.
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Figure 5.11: (a-c) Simulated reflectances at fpgve= 205, 250, and 290 nm to
compare the excitation (Aex) and scattering wavelengths (As). The cavity EF is
maximized when #pgve = 205 nm as the spectral position of the dip is placed
between Aex and A (a). Meanwhile, the minimum points of cavity EF
correspond to fppve = 250 and 290 nm having constructive interferences at Aex
and A, respectively (b, ¢). The optical measurements intuitively display the

correlation between the optical interferences and cavity EF.
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Figure 5.12: (a) Reflectance spectra with etching durations ranging from 0 to
45 s (tesve = 240 nm). (b) SERS performance of the dielectric layer tailored
substrates for varying etching durations. (¢) SERS signal and cavity EF shifts
at the 1573 cm-" as a function of #ppve. Black, red, green, and blue dots
represent the measured SERS intensity with etching durations of 0, 15, 30, and

45 s.
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molecules on the MDM structure. The samples were prepared with tppve of 240
nm and etching duration of 45 s. The SERS EF values at 1200 cm™! are increased

to 1.31x107 (1x10° M) and 6.22x10° (1x10° M).

112 =

TU



5.4.4. Dynamic SERS Signal Tuning via Dielectric

Modulation

The physicochemical modulation of the dielectric properties affects the
functionality of the analytical devices, that is, a change in the magnitude of the
SERS signals. The nanoapertures of the top Au film enable spatial etching of
the dielectric film, resulting in optical (or physicochemical) tuning via the
exchange of a portion of the PBVE polymer with air as it forms air voids. To
show the role of air voids in response to external media, a negative control
experiment was conducted using a non-etched MDM etalon. It is assumed that
the amount of thiophenol adsorbed on the Au surface is constant regardless of
the medium owing to the high-affinity binding between the Au and S atoms
[101]. When the surrounding environment was changed from air (n = 1.0) to
ethanol (n = 1.33), the effect on the reflectance of the device was minimal (Fig.
5.14a). However, the SERS signal was reduced by approximately one-third (Fig.
5.14b), indicating a decreased electric-field intensity depending on the
permittivity of the external medium (air to ethanol). Next, an MDM etalon with
feeve = 0.7 confirmed the infiltration of ethanol inside the dielectric layer
through the red shifts of Aws (Fig. 5.14c), accompanied by a decrease in SERS
signals under ethanol exposure (Fig. 5.14d). Because ethanol immersion
entirely lowers the cavity EF (Fig. 5.15a vs. Fig. 5.10b) and restores A to the
non-etched state, the dynamic variation of the SERS signal is caused by both
ethanol and dielectric etching, showing its weakening and strengthening effects,

respectively (Fig. 5.15b). The simulation and experimental results for ethanol
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were consistent as a function of fppve (Fig. 5.16). The uniformity of the MDM
etalon was evaluated by partial etching of the PBVE film (fpgve = 1.0 for the
left-side and 0.7 for the right-side of the sample, Fig. 5.15¢) and measured zone-
sensitive SERS signals at 1573 ¢m™ (/i573) by mapping the molecular signal
intensities. The mapping images were obtained at an exposure time of 0.5 s and
a lateral resolution of 300 pm. The relative standard deviation (RSD) values
calculated from each area, etched (9.6%) and non-etched (19.1%) areas,
confirmed the structural uniformity of the MDM etalon, which was also
validated by mapping at a smaller step size of 20 um (Fig. 5.17). Interestingly,
the strongly enhanced SERS signals at the etched area were turned off by
ethanol immersion (Fig. 5.15d), which indicates that the medium exchange can
provide a clue for the realization of the MDM etalon as a signal switch. The
detailed effect and working principle of liquid infiltration for SERS signal
modulation were addressed together with repeatable and switchable optical
performances (Fig. 5.18). The results demonstrated that cavity control (either
dielectric etching or exposure to liquids) plays a critical role in tunable Raman

scattering.
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Figure 5.14: Measured reflectance spectra (a, ¢) and SERS spectra (b, d) of
thiophenol absorbed on nanostructured Au layer under media of n = 1.0 (Air)
and n = 1.33 (ethanol; EtOH) with inset showing schematics; fppve = 240 nm,
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Figure 5.15: (a) Simulated cavity EF with ethanol immersion. (b) Comparison
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Figure 5.17: Uniformity of MDM SERS etalon. (a, b) The Raman mapping
images were obtained with a step size of 20 pum. The relative standard
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Figure 5.18: Raman intensity modulation via liquid infiltration. (a), Measured
reflectance spectra from MDM etalon consisting of #gottom au = 120 nm, fiop au =
40 nm, tpgve = 265 nm and PBVE volume fraction, fpeve = 0.7 under air (black)
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MDM etalon shown in (a). The Raman intensity at 694 cm™ is notably
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position of the constructive interference is matched to s (at 694 cm™).
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5.4.5. Raman message encryption via FP etalon-based

dynamic SERS substrate

To test the dynamic and tunable SERS signals for practical applications,
multiple Raman probes-encoded MDM etalons was prepared to examine
whether the application of dielectric modulation followed by liquid immersion
is suitable for information displaying/hiding modulators using Raman
measurements. Dielectric etching changes the reflective colors of the encoded
information (“KIST,” Fig. 5.19), and a Raman mapping technique displays
zone-sensitive Raman signals with different species as well as magnitudes
depending on the dielectric properties of the FP etalon. The MDM etalon with
teeve = 240 nm was prepared because it showed the minimum SERS signals for
feeve = 1.0 and the maximum SERS signals when etched for fegve = 0.7. Besides,
two kinds of Raman probes, 3-methoxythiophenol and thiophenol, were coated
in a site-selective manner using a shadow mask for encoding distinct
information (i.e., red “K,” “S” and blue “I,” “T”). Because O, plasma damages
most organic compounds, both the PBVE dielectric layer and pre-coated 3-
methoxythiophenol adsorbed on the top Au layer were removed during the RIE
process. Sequential exposure of thiophenol backfilled the analyte-free zone (Fig.
5.20). When measured in dry conditions, distinguished SERS spectra measured
from each “K,” “I,” “S,” “T,” and background area demonstrated that the MDM
etalon was prepared with different species and geometries (Fig. 5.21a). Stronger
Raman signals were measured in “K” and “I” (45 s etching) than in “S” and “T”

(30 s etching). Mapping of the characteristic peak intensity shows only a clear
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“K” and a bit dimmed “S” at 1608 cm™ (Fig. 5.21b), while showing only “I”
and “T” at 999 cm™! in the same manner (Fig. 5.21c). All SERS modulations
based on dielectric tuning and different Raman probes could be simply switched
off by immersing the substrate in ethanol (Fig. 5.22). As the external medium
is exchanged from air to ethanol, the regional optical and electrical variations
vanish immediately, hiding all encrypted information (both visual and Raman
interpreted). This successfully demonstrates that the proposed MDM etalon can
deliver diverse information that requires both optical and chemical

interpretation with dynamic hiding.
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Figure 5.19: Conceptual illustration (a) and photograph (b) of the prepared FP
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Figure 5.21: Raman spectrum (a) and Raman mapping images plotted for the
1608 cm! (b) and 999 cm! (¢) for SERS signal tuning via dielectric modulation
under air. Raman bands represent intrinsic peaks for 3-methoxythiophenol and
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Figure 5.22: Raman spectrum (a) and Raman mapping images plotted for the
1608 cm! (b) and 999 cm! (¢) for SERS signal tuning via dielectric modulation
under ethanol. Raman bands represent intrinsic peaks for 3-methoxythiophenol
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5.5. Summary

In this chapter, the dynamic plasmonic SERS effect was verified by performing
thorough computational simulations and experimental proofs: near-field
optimization via Au nanoparticle assembly and far-field manipulation by
optical interference (Aws) tuning. The analytical performance of the Raman
probes absorbed at the top metal film was tuned by either the physical (fpavEe)
or chemical (by air or ethanol infiltration) properties of the dielectric film. The
dynamic SERS EF changes in response to external liquids have expanded their
application as a “Raman switch” for developing information encryption.

The MDM etalon produces unique optical characteristics that tune the
overall performance of the analytical devices by controlling the far-field EF and
near-field EF. Because closer nanogaps and more populated hotspots yield a
higher near-field SERS effect, the development of a simple fabrication method
that produces highly populated nanogaps is one of the mainstream methods for
achieving a low LoD. Maskless RIE [17, 98, 99], chemically synthesized
nanowires [102], and thermal dewetting [96, 97] methods have been reported
for the construction of nanostructured substrates with abundant nanogaps.
Meanwhile, fine structures with sophisticated designs yield not only near-field
SERS effects but also sharp far-field profiles owing to their periodically
arranged subwavelength structures. Thus, a thorough understanding of the
correlation between the near-field Raman enhancement and far-field response
is essential for the successful development of SERS-based analytical platforms.
The strategy of positioning a mirror metal underneath the near-field generating

optical hotspots creates an additional tuning factor, that is, the far-field SERS
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EF, by generating a tunable resonance frequency without a loss of the near-field
SERS EF. Experimentally, FP interference leads to additional amplification of
the SERS signals achieved from near-field EFs by factors of three to four times
(MD and MDM structures exhibited SERS EFs of 10°-10% and 107-10°,
respectively). Furthermore, its dynamic SERS enhancement tunability as well
as SERS reduction enables the establishment of SERS signal cancelation,
which plays an essential role in realizing the dynamic “Raman switch.” Further,
the Raman peak of the target analytes can be either emphasized or diminished
depending on whether A..s matches the A of the peak. This could lead to the
creation of an analytic multi-specimen SERS chip, which could allow
fundamental research to a mass scientific knowledge while simultaneously

meeting industrial demands
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Chapter 6. Concluding Remarks

In this thesis, a precise control of nanoscale thin film etalon is presented for a
wide range application of colorimeter sensors and molecular analysis tools. The
general overview about light-matter interaction, structural coloration by MDM
structures and SERS is briefly introduced in Chapter 1, and more detailed
theoretical backgrounds are addressed in Chapter 2. Three research works
about the extraordinary MDM etalon with nanostructures are reported with
throughout computational and experimental analysis and results in the next
three chapters, respsectively.

In Chapter 3, the effect of each composing layer to etalon’s structural
color is deeply studied. Controllable parameters such as thickness and filling
fraction of metals and polymer dielectrics were precisely adjusted to provide a
wide range of visible color generation. Due to the low surface energy of the
fluorinated polymer dielectric layer, nano-perforated top metal and additional
nano-cavity formation are cost-effectively obtained. The comprehensive liquid-
sensitive characteristics of the MDM etalon, which can not only be tuned
through refractive index but also surface tension, can be used as various routes
of optical coloration applications such as environment-sensitive smart mirrors,
humidity sensors, and other smart display techniques. Moreover, the proposed
structure can be applied to the liquid-sensitive anti-counterfeiting display or

optical camouflage displays to deliver hidden information for security purpose.
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In Chapter 4, the gas-permeable top metal and polymer dielectric layers
allow catalytic gas reaction at their interface. Previous reports demonstrated
simultaneous generation and subsequent nanoscale water-forming reaction of
hydrogen and oxygen on the Pd metal catalyst using electro-potential devices
[72, 73]. Recently, optical monitoring of such water films and their 2-
dimensional growth were imaged between a vitreous silicon dioxide bilayer and
ruthenium [103]. However, observation of the local position and growth rates
of water film formation is prohibited, eliminating any possible measurement
for quantitative analysis of the transition metals. Here, the polymer layer
suppresses the water evaporation rate and enables to grow the produced water
bubbles and films thick enough for naked-eye observation. Moreover, metal
hydrogenation has been investigated using diverse materials to realize
repeatable and reliable coloration devices. Magnesium (Mg) or yttrium (Y), as
representative hydrogen absorbents, showed phase transformation from the
metallic phase to dielectric MgH, or YHx, as it promotes dynamic plasmonic
coloration with remarkable variations in reflectance spectra [104, 105].
However, these coloration techniques are highly dependent on material
properties and have insuperable disadvantages such as low switching speed,
inferior color tunability, and low color efficiency. Although the induced phase
change of the gas-sensitive Mg-assisted FP etalon is the most sophisticated and
advanced dynamic coloration technology to date, it still suffers from material
stability and safety issues when exposed to moisture (humid environment)
which is crucial for industrial applications. Unlike any other dynamic color

tuning strategy using metal hydride-based reports, the proposed FP etalon
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shows superior stability (> 28 times) of the device structures. The advanced
repetition without active metal damage is because the color change did not
originate from the direct reaction of the Pd/PdH transition but the water-
forming reaction at the PBVE/Pd interfaces. Overall, employing the
colorimetric display for monitoring different chemical reactions at catalytic
interfaces creates numerous opportunities to clarify the underlying physics,
chemistry, and applied surface chemistry assisted by optoelectronic
nanostructures. For example, the advanced photonic measurement for the
‘membrane permeability test’ of polymers of interest. Without state-of-the-art
imaging instruments, we can avoid the diffraction limit of measurements and
monitor the pathway solely on color variation. Smart windows for air quality
monitoring or gas leaking warning displays can be other applicable areas as
they meet industrial needs owing to their scalable and simple fabrication
process with diverse solid supports and various metal selections.

In Chapter 5, the randomly dispersed nanogap among top Au film is
suitable for near-field SERS effect, and the strategy of matching optical
interference to the excitation and scattering wavelengths can be applied to the
development of multi-laser and multi-specimen SERS chips for maximizing the
far-field Raman signals of each specimen. For example, an FP etalon with A
= 785 nm can be zone-selectively tuned to 633 nm to match the A« values of
distinct laser sources on the same SERS substrate. In addition, it can resonate
with multiple lights via high-order modes and can be coupled with photonic
materials encapsulated in the cavity. This structural advantage of easy

accessibility of the external medium into the cavity makes it a promising
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platform for observing extraordinary optical phenomena such as Rabi splitting
[106-108], excitation transfer [109], and metal-enhanced fluorescence [110].
Furthermore, cost-effective and scalable fabrication processes of MDM
substrates are suitable for practical applications, including information
encryption [111-113], cell analysis [114], drug delivery analysis [115], and
stimulus-responsive Raman detection [116].

Utilization and proficient manipulation of visible colors are powerful tools
to deliver information to others in various industries. The thin film optic devices,
MDM etalons, studied in this thesis are promising optical platforms for diverse
fields of scientific researches and practical applications because of their simple
structure, easy fabrication, tunability and dynamicity. The research findings
introduced in this thesis would help promoting potential convergences of

different fields of science and engineering.
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Acronyms

BEMT: Bruggeman's effective RSD: Relative standard deviation
medium theory SEM: Scanning electron microscope

BPE: 1,2-bis(4-pyridyl)ethylene SERS: Surface-enhanced Raman

DFT: Density functional theory scattering

DI water: De-ionized water RI: Refractive index

EF: Enhancement factor RIE: Reactive ion etching

EM: Electromagnetic TMM: Transfer matric method

EtOH: Ethanol 1D: One-dimensional

FEM: Finite-element method 2D: Two-dimensional

FITC: Fluorescein isothiocyanate 3D: Three-dimensional

FL: Fluorescence

FLIC: Fluorescence interference
contrast microscopy

FP: Fabry-Perot

LoD: Limit of detection

MDM: Metal-dielectric-metal

MFC: Mass flow controller

PBVE: perfluoro-(butenyl vinyl
ether)

PMMA: polymethyl methacrylate
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