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Abstract

Plasmonic metasurfaces have important applications in life science, optics, and catalysis. How-
ever, their industrial usage is limited by high throughput nanofabrication. A promising solution
is the transfer of a pattern into a substrate using block copolymers, nanostructured stamps or
molds to create binary, three dimensional templates, which can then be decorated with plasmon
active metals. Here, the optical properties of quasi-Babinet complementary arrays in the non-
retarded regime is investigated by finite-difference time-domain simulations. The structures
consist of a nanopillar support, which is covered with metal disks on top of the pillars and a
quasi-Babinet complementary perforated film consisting of a hexagonal arranged hole array at
the base of the pillars. Strong vertical plasmonic coupling occurs for small separation distances
of the plasmonic slabs. The thesis presents a comprehensive study of the near and far-field
properties of such vertically coupled plasmonic arrays varying their geometric dimension and
the employed metals with their intrinsic plasmonic material properties. In particular, gold, sil-
ver, copper, aluminum, nickel, and palladium are considered. Furthermore, the effect of the
refractive index of the nanopillar support is investigated. The plasmonic slabs show tunable
extraordinary transmission and large electric near-field enhancements, which is strongly de-
pendent on the employed material and geometry. Further, it is shown that the templates are

suitable for plasmonic hetero-structures commonly used in plasmon-enhanced photocatalysis.

Finally, the thesis reports on a block copolymer derived vertically coupled plasmonic template
for surface enhanced Raman spectroscopy. Nanopillar templates were fabricated by the incor-
poration of an iron salt precursor into a self-assembled block copolymer thin film and subse-

quent reactive ion etching. Subsequently, the nanopillars were coated with gold to create quasi



Babinet complementary plasmonic templates. An increase of surface enhanced Raman scatter-
ing efficiency for smaller pillar heights and stronger coupling between the dot array and perfo-
rated gold film with average enhancement factors as high as 107 is observed. In addition, the
block copolymer derived templates show an excellent relative standard deviation of the Raman

intensity up to 8%.
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1. Introduction

Plasmons are the collective oscillations of free electrons that can be excited in conductive na-
nomaterials at their optical resonance. Due to their capability to modulate light and enhance
light-matter interaction they have found an increasing interest in the last decades. Plasmonic
nanomaterials can be used for color printing, where individual color pixels can be fabricated
beyond the diffraction limit 1*, for optical filters > ®, photothermal cancer therapies’ or for col-
orimetric sensors®. On the other hand, plasmons confine the light at the nanoparticle interfaces.
The increased electric near-fields can be used for the enhancement of physical or chemical pro-
cesses and reactions. As an example plasmons can facilitate enhanced catalysis® or can be used
to enhance molecular sensing such as for surface enhanced Raman spectroscopy %2, surface
enhanced infrared spectroscopy®® or surface enhanced fluorescence spectroscopy ***°. The plas-
mon resonance can be adjusted by size, shape and arrangement of the nanoparticles for their

particular purpose.

Many different methods exist of fabricating plasmonic nanomaterials® 121617 However, many
plasmon based applications have yet to be used outside of academic research, because cost-
effective, scalable and reproducible methods of producing plasmonic templates are currently
not available for a wide range of industrial problems 8. One of the promising methods to over-
come this issue is block copolymer lithography!®. Block copolymers consist of two or more
blocks of polymers. Depending on the volume fraction of the blocks and their chemical nature
they can self-assemble into periodic arrays with geometric dimensions between 3 - 100 nm?,
although larger dimensions have been reported?'. Metallic precursors can be selectively incor-
porated into one of the polymer blocks 2224, This can be used to fabricate periodically arranged

dot arrays of a perforated thin film consisting of periodically arranged holes (fig. 1(A) and (C)).



One can also incorporate etch resistto form a hard mask or use one of the blocks of the block
copolymer mask as a soft mask to transfer the pattern into the substrate?®. Subsequently, the
etched template can be deposited with plasmon active material to create three-dimensional plas-
monic templates such as coated nano pillar and cavity ararys (fig. 1(B) and (D)). They consist
of a dot array and a Babinet complementary perforated thin film, that can form vertically cou-
pled plasmonic arrays®. The coated pillar and cavity array look from top down identical. How-

ever, the dot array and perforated film are at different planes.
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Figure 1. Possible hexagonal configurations of block copolymer derived plasmonic tem-
plates. (A) Dot array. (B) Coated pillar array. (C) Perforated thin film consisting of arranged
holes. (D) Coated cavity array.

This first chapter will give an introduction on the fundamentals of plasmon excitations and the
modelling of the plasmon resonances. An emphasis will be put on Babinet complementary plas-
monic arrays in the infrared region. The next chapter will give a short introduction on experi-
mental methods with a focus on block copolymers. In the fourth chapter of the thesis results on
the optical far- and near-field properties of vertically coupled plasmonic arrays in the visible
regime are presented and discussed. In this regime the plasmon dispersion deviates from the
light line and is governed by Mie resonances which are highly material dependent. Subse-
quently, it is shown that block copolymer derived vertically coupled plasmonic arrays plas-
monic arrays can be used as a surface enhanced Raman template. However, the fundamental
principles are universal and the plasmonic templates are suitable for other electric near-field

based methods.



2. Experimental fundamentals and methods

2.1 Block copolymer lithography and its applications

Block copolymer lithography is a versatile method to nanotexture surfaces on a large scale for
different applications. For example, block copolymer can be used to directly incorporate pre-
cursors into one of the blocks that are subsequently plasmonic active. These precursors are gen-
erally salts of noble metals such as gold??, silver? or platinum?*. They can be reduced by plasma
treatment or a reducing agent. The advantage of the preparation is that it does not require a
vacuum based deposition system such as e-beam evaporation or magnetron sputtering. Alt-
hough, noble metal salts are considerably more expansive than the corresponding bulk metal.
However, the reduction of noble metal salts can be also easily performed in solution % and
hence it has to be justified to use a lithographic approach. The plasmonic response of such
nanoparticle arrays can be tailored by their geometric parameters of the system 2224 or the ef-
fective refractive index of the environment?® (more in the chapter surface plasmons). The dis-
tinct plasmonic extinction can manifest as structural colour. In combination with a stimuli re-
sponsive polymers plasmonic templates 2”28 can be used as colorimetric sensors if the stimuli
alters the configuration of the plasmonic template or the refractive index of their surroundings.
As an example polydimethylsiloxane (PDMS) is a stretchable polymer and it has been shown
that a block derived plasmonic template on PDMS can be used as an colorimetric strain sensor?®.
The concept can be expanded to other stimuli responsive materials to fabricate humidity, tem-
perature, pH or pressure sensors?” 28, A concept of the principle mechanism is illustrated in

figure 2.1 (A).

Aluminium has been recently discovered as a promising plasmonic material®. It is cheap, abun-
dantly available and is plasmon active for a wide spectral range including the ultraviolet®°.
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Figure 2.1 Different block copolymer lithography derived templates and its applications (A)
Plasmonic nanoparticles template on a stimuli responsive polymer. The change of the inter par-
ticle distance results in a change of colour. Adapted from Ref. 2. (B) Nanopillar template that
form an effective medium with a graded refractive index. The template featured reduced reflec-
tion over a broad spectrum. Adopted from Ref. 1. (C) Functionalized nanohoodoo template
with superamphiphobic properties. Adopted from Ref. 3

Due to its native oxide layer aluminium nanoparticles feature only small electric near-field en-
hancements. Yet, aluminium is still attractive for colorimetric sensors or other far-field based

applications®2. However, the effective wet chemical preparation of aluminium nanoparticles is



still an active field of research®® and the fabrication by e-beam lithography suffers again from
the lack of scalability. However, aluminium precursor can be easily infiltrated into block co-
polymer templates*. Generally, oxygen plasma or UV ozone treatment is used to subsequently
remove the polymer pattern. However, this would result in oxidation of the aluminium precur-
sor. Instead one could use hydrogen plasma that is reducing ** and subsequently cover the alu-
minium array with a protection layer for any subsequent oxidation. The layer could also consist

of a stimuli responsive polymer for a colorimetric sensor.

Furthermore, block copolymer lithography can be used to transfer a pattern into a substrate in
order to nanostructure the substrate surface. For example block copolymer derived nanopillar
templates have been used to create anti-reflective layers on curved surfaces®® %', The surface
texturing resembles that of a Moth eye and suppresses surface reflection over a broad spec-
trum?!,which is an important criteria in optical elements such as implemented in continuum
lasers for example 8. The moth eye structures are an effective medium that provide a graded
refractive index (see fig. 2.1(B))*°. An important factor for optics is that the structure does not
only feature minimal reflection but also high transmission without losses caused by scattering.
Alternatively, it has been shown that block copolymer derived nanohoodoos that were subse-
quently functionalized can have superhydrophobic, superhydrophilic, or superamphiphobic

properties®® (see fig. 2.1(C)).



2.2 Block copolymers

Block copolymers consist of two or more strands (blocks) of different polymers that are cova-
lently attached to each other. Depending on the length and the chemical nature of the blocks,
block copolymers can undergo reversible and spontaneous self-assembly into distinct morphol-
ogies. The thermodynamics of self-assembly can be expressed by the change in the Gibbs free
energy. The Gibbs free energy is a thermodynamic potential that can be used to calculate the

maximum non-volume work, which is performed at constant temperature T and pressure:

AG = AH — TAS (2.1)
where AH is the change in enthalpy and AS is the change in entropy. Self-assembly is spontane-

ous if the difference in Gibbs free energy AGg, is negative.

AGgy = Gppix — Gphase saperated — AHg4 — TASg, <0 (2.2)
where T is the temperature and 4Hsa and ASsa is the change is enthalpy and entropy before and

after self-assembly. The process is spontaneous if the Gibbs free energy is negative.

In the case of a blend of two homopolymers A and B, the degree of polymerization is defined
as N=Na+Ng and the composition 1=fa+fg. The process of self-assembly is then described by

the Flory—Huggins equation:

86 L) = tnhy) + £ f (23)
ka_NAna NBnB AlBX

The first two terms correspond to the configurational entropy of the system. The third term
relates to the molar enthalpy of mixing and describes the unfavorable interaction of A-B mon-
omers. y is the exchange energy per molecule and is known as the Flory—Huggins interaction
parameter. It is a function of both the chemical nature of the polymer blocks and temperature.

In general, it has the form:



where a and b are variables for a specific composition of a particular block copolymer and can
be experimentally obtained “°. It can be theoretically derived that the morphology of block

copolymer can be direclty related to the ratio bewteenl yN versus f 1. The phase diagram can

be seen in figure 2.2.
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Different ratios result in cubic, hexagonal, gyroid or lamellar morpholo-

gies. However, yN value has to be above 10.5 for ordered morphologies to occur.

Figure 2.2 Theoretical phase diagram and evolution of corresponding morphologies in BCP.

Adopted from Ref. ¥
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2.3 Solvent vapor annealing

Microphase separation of block copolymers require long annealing times and temperatures

above the glass transition temperature. In the case of large molecular weight polymers and or-
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dered equilibrium states a simple thermal treatment may not be sufficient*. This can be over-
come in solvent vapour annealing where the prepared block copolymer thin films are exposed
to solvent vapour of one or more solvents well below the bulk glass transition temperature. The
solvent vapour creates a swollen state and mobilises the polymer chains leading to a phase sep-
aration. In addition, the solvent exposure lowers the glass transition temperature so that thermal
annealing can occur naturally*. In a standard solvent vapour annealing procedure, a reservoir
of solvent is placed in a jar next to block copolymer patterned substrates (fig. 2.3(A)). The jar
is placed in an oven, the solvent evaporates and facilitates microphase separation of the block
copolymer. In figure 2.3(B) we can see a solvent vapour annealed Ps-b-PEO (Mps=42 kg mol™*
and Mpeo=11.5 kg mol) block copolymer film in hexagonal morphology. However, the final

state of the block copolymer is not always stable, meaning it is not trapped in one minima of

solvent vapor

BCP thin
film on
substrate

]

Figure 2.3 (A) Solvent vapor annealing in a jar. (B) AFM image of a complete hexagonal
pattern and (C) mixed lamellar and hexagonal pattern of a PS-b-PEO film.

the potential energy landscape and can flip between states**. This is shown in figure 2.3(C)

where one can see a mixed lamellar/hexagonal morphology of the same PS-b-PEO film.
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2.4 Inclusion of inorganics

Block copolymer lithography has been used to transfer an inorganic template onto a substrate?,
Generally, the block copolymer film is swelled to activate one of the blocks for infiltration?® 44,
A precursor is than spin coated on the block copolymer film or the block copolymer system is
bathed in a solution with a precursor in order to infiltrate the block copolymer system?’. How-
ever, there are also other techniques such as solvent vapor inclusion to infiltrate inorganics in
the block copolymer system®. Subsequently, the organics can be removed via UV/ozone or
plasma treatment.® In figure 2.3(A) an iron oxide mask prepared with the previously shown
PS-b-PEO system is shown. The morphology of the final mask can be altered by the block
copolymer system or the infiltration of the precursor. Asan example, in figure 2.3(A) a porous
nickel oxide mask was fabricated. A high molecular weight PS-b-P2VP (Mps= 440 kg mol™
and Mp2vp=353kg mol) block copolymer template was over-saturated with nickel(l1) nitrate and

subsequently underwent UV/ozone treatment.

Figure 2.3 Block copolymer derived hard mask templates. (A) Iron oxide dot array prepared
with PS-b-PEO. Porous nickel oxide template prepared with PS-b-P2VP.
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2.5 Reactive ion etching

Common plasma etching of silicon and silicon oxides is performed in a reactive ion etcher (RIE)
where the silicon is placed on a rf electrode *’. The strong electric fields above the electrode
result in a strong physical bombardment of the target sample with charged species. (1) Plasma
generated neutral radicals chemically remove silicon, (I1) a chemically inert passivation layer is
deposited, so that chemical etching of silicon is hindered and (111) physical sputtering removes
the passivated layer at the bottom of a trench, but not along the side. The exposed area is then
unprotected for chemical removal. The etch/deposition cycles are repeated many times, result-
ing in a large number of small isotropic etch steps. An inert etched template can be used to
specify the areas protected by the etching process. In addition, a process can be employed were

all three steps occur simultaneously*®.

Reactive ion etching of silicon was performed in a OIPT Plasmalab System100 ICP180 etcher
(Oxford instruments). The chamber atmosphere consisted of CHFs, SFsand O, with a 9:1:1 gas
ratio and a chamber pressure of 15 mTor. The ICP power was 1200W and the RF RIE power
bias power was 35W. SFs is commonly used as process gas for the etching of silicon containing
materials. In a plasma SFe undergoes a series of reactions resulting in the formation of fluorine
radicals*®:
SF,+e—>SF_,+F (2.5)

- SF,_;+F~

- SFy_1+F+e x=4-6)
The free fluorine atoms can than react with silicon through the formation of SiF4 . SF4and

other byproducts are very toxic and corrosive. CHF3 on the other hand can react to CHF in the

13



plasma, which can form a Teflon like passivation layer on the surface of the substrate. lons
produced as byproducts in the plasma can physically etch away the passivation layer at the
bottom of the trenches. Finally, the etch depth can be adjusted by the etching time. An example

of an etched template can be seen in figure 2.4(B).

Ideally, the etch mask is inert to neutral radicals and should only be degraded by physical etch-
ing of charged radicals. Etch resistance of the etch mask will depend on the used etch mask that
can be altered by the used block copolymer and precursor used to infiltrate in the block copol-

ymer systems.?°

A process gases

ICP generator

water ® RIE generator

cooling \
helium backside cooling

Figure 2.4. (A) Setup of the OIPT Plasmalab System100 ICP180 etcher. (B) Angled SEM
view of etched silicon substrate. The white dots on top of the nanopillars are residues of the
hard mask.
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3. Fundamentals in plasmons: Theory and modelling

3.1 Surface plasmons

Plasmonics is the study of conductors and their interaction with an electromagnetic radiation®°.
It considers the presence of a plasma state of free electrons which collectively oscillate in a
background of positively charged ions. The corresponding oscillation resonance is given by the

plasma frequency wy:

Me (3.1)
where n is the electron density, e the elementary charge and me the electron mass. The plasma
frequency is the most fundamental property of a plasma. Electromagnetic waves with frequency
lower than wp cannot propagate through the plasma. Their response to an electrical field are
described by the dielectric function e(w) which is given in a first approximation by the Drude-
Sommerfeld model®:

e(w)=1- % (3.2)

inserting the dispersion relation for transverse waves propagating through uniform medium
(solved by Telegrapher's equations)?®:

k= %e(w) (3.3)

yields

2 — 2
w Wy
c

k(e) =
(3.4)

where c is the speed and k the wave vector of the light. This is the dispersion relation of trans-

verse volume plasmon polariton and is depicted as the red solid line in figure 3.1(A). For wp <

15



w the wave factor of the light becomes imaginary and only light with frequencies above the
plasmon frequency have a wave vector with real values and can therefore propagate through a
given medium. In addition to the transverse volume plasmon, a longitudinal bulk plasmon exist.
They are an allowed solution of Maxwell's equations when the dielectric function of the plasma

vanishes®, but cannot be excited by transverse light (red dotted line in figure 3.1(A)).

li w }2 )
@ £
] i
photon Dielectric
VPP . o =
‘ B - .
longitudinal VP ’
L el ettt | - - - -
\ y
L L A | '
Jis & =
SPI +++ --- +++ ---
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o T r —
0 1 2 3 &
@, |

Figure 3.1 (A) Dispersion of volume plasmons (VVP), surface plasmon polaritons (SSP) and
photons. The green arrow illustrates the momentum missmtach between the light line ans SPP.
Adopted and modified from °2. (B) Visualation of a surface plasmon and its properties. Adopted
from %3,

A different type of plasmon are surface plasmon polaritons (SPP), that constitute electromag-
netic surface waves propagating along a conductor’s surface with a broad spectrum of eigenfre-
quencies and modes (fig. 3.1(B))®°. Their dispersion relation can be derived by Maxwell's equa-
tions at an interface with two different dielectric materials considering the continuity of the

electromagnetic fields®>*:

16



As seen in figure 2(A) the SPP dispersion (blue solid branch) is always below the light line.
Therefore, the excitation of SPP with light needs special light-plasmon coupler to compensate
the momentum mismatch. This coupling can be achieved via a grating or an ATR prism®®. In
particular, if a photon hits a grating with a grating constant a at an angle 6, then its in-plane

wave vector component can have values as:
w
ke = —sin(8) £ Ak, = ksp (3.6)
where Ak, = jG and where j is an integer and G = %” The field amplitude of a SPP decreases

exponentially normal to the surface and is described with the skin depth at which the field falls

to 1/e. This is given by the imaginary part of the SPP wave vector in surface normal direction

§ = [Im(k,)|™":
A lentes . _ _ (3.7)
64 = o 22 in the dieelectric medium
d
A olen,t+eq | . _ (3.8)
m= o [Tz in the metallic medium
m

which yields for A = 600 nm and silver-air interface 8, 4 = 390 nm and 8y, pg = 24 nm

and for a gold interface &4 ; = 280 nm and 8, 4 = 31 nm respectively®.

In geometries such as metallic particles or voids, localized surface plasmons (LSP) can be ex-
cited. When the size of the particle is much smaller than the wavelength of the light, the incident
electric field is constant across the nanoparticle. Then the free electrons participate in a collec-

tive oscillation in phase with the light and confined by the boundaries of the object (see fig.

17



3.2(A)). The LSP resonance condition can be analytically solved for spheres by using Mie the-

0 |'y56

In general, the larger the particle, the smaller is the repulsion of electrons at opposite surfaces
and the more red shifted is the resonance. The confinement of the oscillations also yields intense
electric fields, which can be several magnitudes stronger than the incident field strength (fig.
3.2(B)) and can be exploited for molecular detection®®. Summarizing, the size, shape and ar-
rangement of plasmonic particles will determine the plasmonic response. For a particular ap-

plication the plasmonic response can be adjusted by the choice of the block copolymer system

used for lithography.
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Figure 3.2 (A) Visualization of a surface plasmon of a metal nanosphere. Adopted from %,
(B) Electric field amplitude |E| for a 100 nm silver sphere, illuminated at a wavelength of 500
nm. Adopted from °7.

3.2 Babinet’s principle
Babinet's principle relates the electromagnetic far-field respond of structures, made of infinitely
thin films of a perfect conducting metal, to its complementary counterpart. In particular, it states

that the transmittance T through complementary structures satisfies®:

18



T+Tc=1 (3.9)
Broad approximate validity of Babinet's principle extends to real metals, and films of finite
thickness d, as long as d/ 1 « 1%°. As an experimental limitation the minimal film thickness
produced by vacuum deposition has to be generally above 15 nm to form a continuous film
because the deposited metal can dewett on the surface. However, it has been shown for many

plasmonic systems that Babinet's principle holds true ® 0-62,

3.3 Finite difference time domain simulation

The Finite Difference Time Domain (FDTD) method is a numerical approach to solve Maxwell
equations and is commonly used to study the quantitative response of plasmonic structures ex-
posed to electromagnetic radiation®3. The FDTD algorithm solves the time evolution of the elec-
tric and magnetic fields, which are described by Faraday's induction law and Ampere's circuital

law. They read in their differential form respectively:

B yxE-T;
de B (3.10)
dD - .
— = UxH-]
t (3.11)

where E and H are the macroscopic electric and magnetic fields, D and B are the electric dis-
placement and magnetic induction fields, J is the electric-charge current density, and Jg is a
fictitious magnetic-charge current density respectively (sometimes convenient in calculations,

e.g. for magnetic-dipole sources).

19



In order to solve equation 3.10 and 3.11 numerically, the electric and magnetic field components
have to be discretized in space and time into a grid. The grid suggested by Yee puts each field
component at a different location of the Unit cell with half a pixel offset to the next field com-
ponent (see fig. 3.3(A)). The time and space derivatives can then be formulated as center-

difference approximations®.

The simulations were performed with the freely available software package Meep®. The simu-
lation cell is divided into a silicon and an air layer and the plasmonic array was placed on the
interface (see fig. 3.3(B)). The source (Gaussian profile) is placed planar inside the silicon layer.
Bloch-periodicity in all dimensions are used as a boundary condition. An artificial absorber
layer hinders the transmission of light out of the cell in y direction, through which simulations
are effectively only periodic in x-y direction®. For sufficiently large thickness the absorber
layer becomes reflectionless, so that the flux planes for transmission and reflection collect the

correct amount of light.

The flux planes monitor the power P(t) flowing through an area of interest and time. In case of
a short pulse, the Fourier-transformed response yields a wavelength depended spectrum
P(w).The power P(w) is normalized to the incident light in absence of scattering structures ob-

tained in a second computation to obtain a spectrum.
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Figure 3.3 (A) Yee cell used in FDTD simulations. Electric and magnetic field components are
separated by half a pixel. (B) Cross section of the simulation cell. The cell is bloch-periodic in
all dimensions. An absorber layer hinders the transmission out of the cell perpendicular to the
source.

In general, materials are described in the FDTD algorithm with the Lorentz-Drude model. The
Drude model is only an accurate description for the optical response before electronic interband

transition start to occur which start for some noble metals already at 1 eV (corresponding to A ~

1 um)®L. These transitions can be described with Lorentz-oscillators in the form of " :Z ="
P

where At is the corresponding oscillator strength, ws the resonance frequency and y the electron

scattering rate due to lattice imperfections (phonons or defects). For w; = 0, neglecting damp-
2

ing losses and /A, = w,, one obtains the well-known Drude Term e(w) = 1 — % The com-

plete dielectric function of a material is then the sum over all oscillators:

M
(@ =1+ Ar
w) =

c £ wf — w? — iwy (3.12)
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The material constant for gold and other metals were described by experimental data obtained
from Rakié et al. ® and implemented into the Meep script. Dielectric materials were on the

other hand described dispersionless with a constant refractive index.

3.4 Vertically coupled plasmonic arrays in the Infrared

Complementary vertically coupled plasmonic arrays (VCPAs) were first studied by Li et al.*.
In general, these VCPAS have a structure that can be described as two displaced, complementary
plasmonic slabs. These plasmonic slabs consist of (i) a plasmon active metal film with submi-
cron sized and periodically ordered perforations, and (ii) complementary, periodically ordered
plasmon active antennas (see fig. 1.1). Typically, the size and shape of the discs are exactly
complementary to the voids in the perforated film, though there exist examples of not strictly
complementary VCPAs %8 ¢ The geometrical dimensions of these systems dictate and enable
a designed complex optical response. Whereas the displacement of the two slabs determines
their coupling strength, the resonance is also greatly influenced by the perforation size and
shape, the array period (pitch), as well as by array symmetry. Matching the geometric dimen-
sions carefully, a spectral window of extraordinarily optical transmission (EOT) can be engi-
neered %73, The effect is based on the fundamental surface plasmon excitation of periodically

perforated thin metal films °.

Recently Akinogu et. al ® has investigated the plasmon resonance of VCPAs in the mid-infrared
regime (see fig. 3.4(A)). In that region the plasmon region is retarded and the plasmon disper-

sion approaches the light line (see fig. 3.4(A)). It was shown that plasmon resonance is linearly
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sition. Adopted from Ref. 6.

dependent on the diameter and the plasmons can be interpreted as whispering gallery modes in
the form (fig. 5(B)):
Apl = Tdv/e (3.13)

where d is the pillar diameter and the background dielectric constant is € = (1 + € substrate) / 2.
Accordingly, the plasmon mode circulates around the circumference of the disk/hole. Equation
3.13 also implies that the excitation energy is independent of the plasmonic material (because
the plasmon dispersion follows the light line). In the next chapter the plasmonic resonance of
VCPAs is computational investigated in a regime in which block copolymer lithography can be

employed and where the plasmon resonance is non-retarded and becomes strongly material de-

pendent.

23



4. Materials design of vertically coupled plasmonic arrays

The cost effective fabrication of nanopillar templates by nanoimprint lithography’* ™, roll-to-
roll nanoimprint processing’® ”7, block copolymer lithography’® and hot embossing/nanoinjec-
tion moulding’” ”® enable an effective route to create plasmonic metasurfaces on an industrial
scale. Subsequently, a thin metal coating can simply be deposited onto the nanopillar template
to create a plasmonic slab that consists of a perforated film comprised out of a hole array at the
base of the nanopillars and a quasi-Babinet complementary disk array on top of the nanopillars.
The plasmonic properties of the template can be adjusted by the choice of metal and support
material and the geometrical dimensions of the underlying structures®. For small nanopillar as-
pect ratios the plasmon resonance of (i) the disk array and (ii) the hole array can hybridize and
couple vertically. The optical response of such vertically coupled plasmonic arrays (VCPA)
exhibits extraordinary optical transmission which has been exploited to fabricate optical fil-
ters’! 8081 refractive index sensors®2-84 or plasmonic nanopixels beyond the diffraction limit*
8.8 Further, small plasmonic junctions between the two plasmonic slabs of the VCPASs can
drastically increase the local electric near-field. This effect has been used to increase sensitivity
of spectroscopic instrumentation such as in surface-enhanced fluorescence spectroscopy®” & |

surface-enhanced Raman spectroscopy? 78 and surface-enhanced infrared spectroscopy 2.

Previously, it has been shown that the plasmon resonance of VCPAs with hexagonal symmetry
can be described as whispering gallery modes in the mid-infrared®. In this regime the plasmon
resonance is retarded and the plasmon dispersion follows the light line>* 8. As a consequence,
the plasmon resonance is independent of the plasmonic material as long as the material is con-

ductive®. This drastically changes in the visible region of the electromagnetic spectrum where
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the plasmon resonance is non-retarded and deviates from the light line® 8. In this regime the

plasmon resonance is governed by Mie resonances, which are highly material dependent®® %,

The choice of the metal employed in the VCPAs is often specific to the intended application,
where in addition to the metal’s plasmonic properties, other aspects such as its abundance, sta-
bility to oxidation, biological compatibility, magneto-optical properties, and catalytic activity
are important. Gold and silver are the most commonly employed plasmonic metals due to their
excellent plasmon activity and stability, however they are expensive. Copper and aluminum are
readily available but oxidize when in contact with air. A protective polymer coating can hinder
this oxidation, however this blocks access to the metal surface where the plasmonic field is at
its strongest. Nickel and palladium have received wide attention for their catalytic capabilities,
but as plasmonic materials they face challenges such as high loss, and high expense, respec-
tively. Here, a comprehensive overview of the optical properties of VCPAS consisting of various
plasmonic materials, dielectric supports, and geometrical dimensions, as simulated by finite-
difference time-domain (FDTD) simulations, is provided. Such simulations are routinely used
to predict and verify the optical behavior of experimentally fabricated plasmonic metasurfaces*
6,12,13,50, 71, 74-89 " Einally, it is demonstrated that VCPAs can effectively form plasmonic hetero

structures commonly used in plasmon enhanced photocatalysis.
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4.1 Quasi-Babinet complementarity
Babinet’s principle states that the transmittance T, of a slab and the transmittance of its com-

plementary counterpart T Is related as:
T)\ + T}\,C =1 (41)

The principle assumes that the film thickness is infinitesimally small and does not account for
absorption losses or coupling effects. Equation 4.1 implies that the plasmon excitation energy
of a disk array and that of its complementary hole array should be identical. In Figure 4.1(A)
the transmittance of hexagonally-arranged Au nanodisks on glass nanopillars with varying di-
ameter were simulated. The plasmon resonances show a large dip in the region between 515 nm
and 630 nm, exhibiting a slight red shift with increasing particle size. The shift can be explained
by the lower restoring force experienced be the opposing charges as the size increased resulting
in a lower excitation energy of the localized surface plasmon.?® In the long wavelength limit the
transmission approaches 100 percent and in the short wavelength limit the slab shows reduced
transmission due to the intrinsic absorption of Au, which scales with the fraction of Au covering
the surface. In Figure 4.1B the transmittance of quasi-Babinet complementary perforated film
at the base of the nanopillars is shown. The spectra reveal extraordinary transmission (EOT)™
with peaks that are slightly red-shifted relative to their quasi-Babinet complementary counter-
parts in Figure 4.1(A) . The slight red shift is attributed to the increased polarizability of the
immediate environment of the perforated films because is buried inside the nanopillar template
as in contrast to the disks which are on top of the pillars. Nevertheless, equation 4.1holds qual-

itatively.
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Figure 4.1 FDTD transmittance spectra of periodic plasmonic gold arrays on a nanopillar sup-
port with varying diameter and fixed height = 70 nm, pitch = 100 nm and gold thickness = 40
nm. The drawings on the sides show the simulated structures. (A) Nanopillar array with gold
disks on top of the pillars. (B) Nanopillar array with hole array at the base of the pillars. (C)
VCPAs; nanopillar arrays with gold disks on top of the pillars and hole array at the base of the
pillars. (D) Multiplication of the respective spectra from (A) and (B).

In Figure 4.1(C) the corresponding VCPAs with the presence of both the Au disk and hole array
slabs together are shown. The EOT peak is highly symmetric, red-shifts and increases in trans-
mission with pillar diameter. To understand the origin of this behavior, the respective disk and
hole array spectra from Figure 4.1(A) and Figure 4.1(B) were multiplied, assuming that T;,;q; =
Tpisk Tote (S€€ Figure 4.1(D)). The multiplied spectra show an impressive qualitative agreement
with those in Figure 4.1(C), exhibiting EOT and a diameter dependent red-shift, underscoring

the power of Babinet’s principle. However, this simple approach ignores the fact that the pillars
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are 70 nm in height and therefore the complementary plasmonic arrays are in each other’s near-
field such that their plasmonic modes can hybridize®*. Further, the VCPAs, show a reduced
spectral energy width compared to the perforated film which is an important design factor for
narrow bandpass filters (Figure S1(in the appendix)) shows the spectra in Figure 1 vs eV instead

of wavelength)®2.,

4.2 Pitch, vertical gap and metal thickness

The results in Figure 1 have shown that the pillar diameter is a significant parameter of the
plasmon excitation energy of VCPA’s. The variation of the other geometric parameters is in-
vestigated here. In Figure 11, the effects of the pillar height (Figure 4.2(A)), the metal film
thickness at a constant 5 nm vertical gap between the hole array and the disk array (Figure
4.2(B)), and the pillar separation, i.e. the array pitch (Figure 4.2(C)), on the optical response of
the VCPASs are shown. The results show a slight red shift of the VCPA EOT peak for shorter
pillar heights and smaller array pitch. This is in agreement with the plasmon hybridization
model, which predicts for the bonding modes a red shift for decreasing plasmonic gaps®*. The
absorption spectra reveal two absorption modes at 525 nm and at 670 nm for a 5 nm vertical
gap. The two peaks blue-shift for larger pillar heights, where the lower energetic mode experi-
ences a larger shift. Eventually the two peaks overlap for larger gaps. Moreover, the electric-
near fields were plotted as a function of the wavelength. The respective electric near-field max-
ima with frequency wyr occur at lower excitation frequency than the respective far-field ab-
sorption at frequency wgr. The phenomenon can simply be explained by a driven and damped

harmonic oscillator model and directly depends on the total damping (radiative plus intrinsic) y

of the system %, Precisely, the equation reads wyr = w2z — y/2 %. The shift between near-

and far field response for traditional plasmonic materials in the visible spectral
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Figure 4.2 Au based VCPAs. (A) Variation of the vertical gap (pillar height) with fixed pitch
= 100 nm, diameter = 50 nm and Au thickness = 40 nm. (Al) Transmission spectra, (A2)
absorption spectra where the grey dashed lines provide a guide for the eye for the shift of the
two modes, and (A3) electric near-field enhancement. The inset shows the cross-section map
at the, the plasmon resonance for a 10 nm vertical gap between the disks and holes for x-axis
polarization. (B) Variation of the Au thickness (pillar height) with fixed pitch = 100 nm,
diameter = 50 nm and vertical plasmonic gap = 5 nm. (B1) Transmission spectra, (B2) ab-
sorption spectra and (B3) electric near-field enhancement. (C) Variation of the pitch with
fixed height = 45 nm, diameter = 40 nm and Au thickness = 40 nm. (C1) Transmission
spectra, (C2) absorption spectra and (C3) electric near-field enhancement. The inset shows
the in-plane map 1 nm above the perforated film at plasmon resonance for a 10 nm lateral
aap between the holes for x-axis polarization.
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region is in the order of up to ~100 nm®*. The near-field spectra reveal a strong vertical coupling
between the disk array and the hole array, which is largest for the smallest vertical gap. The Au
thickness on the other hand has only a small effect on the plasmonic response. An increase in
the metal thickness shows a slight blue shift in the resonance position, because the polarizability
of the material increases®. The variation of the pitch shows a strong red shift for the pitch ap-
proaching the size of the nanopillar diameter, i.e. smaller lateral gap. However, the electric near-
field enhancement does profit from the lateral coupling, Contrary, the electric near-field reduces

for smaller pitches.

4.3 Plasmonic metal
The choice of the metal strongly determines the plasmonic response in the non-retarded regime.
Different metals have a different bulk plasma frequency, which depends on the density N of free

charge carriers.

Ne?

(4.2)

Where me is the effective electron mass and €o iS the free space permittivity. In addition,
damping caused by inter-band or intra-band transitions influences the plasmon position and
strength®® %, For many metals intra-band transitions are a threshold, where all incident photons
with larger energies will excite electron-hole pairs and reduce the plasmonic response. For Au
the threshold is at ~ 515 nm, for Ag at ~ 310 nm and for Cu at ~ 575 nm. An exception is Al
which has an intra-band transition that is spectrally localized around A = 800 nm and which
enables Al to remain plasmon active in the UV®°. The transmittance of VCPAs for different

metals as a function of pillar diameter is shown in Figure 12. Au (Figure 4.3(A)), Ag (Figure
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4.3(B)) and Cu (Figure 4.3(C)) have a similar far-field response owning to their similar intrinsic
properties. Ag also shows a small EOT peak in the UV, where Au and Cu are not plasmon
active. The Al plasmon reosnance is significantly blue shifted compared to the other metals due
to its large bulk plasma frequency, which is roughly 5 eV higher than that of Au with

wp 4y, ~9 eV (Figure 4.3(D)). The transmisison spectra show that the EOT peak has a dip caused

by the localized intraband transition of Al. For
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Figure 4.3 FDTD transmittance spectra of VCPAs with varying diameter, fixed height =45 nm
and fixed pitch = 100 nm for different metals. (A) Au, (B) Ag, (C) Cu, (D) Al, (E) Pd and (F)
Ni.
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large diameters it vanishes in flanks of the EOT peaks. Pd and Ni have a broad and weak EOT

peak, which stretches deep into the near infrared caused by their large damping factors (Figure

4.3 (E) and Figure 4.3(F)).% %
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Figure 4.4 Simulated electric near-field enhancement of VCPASs at the cross-section plane
with varying diameter and fixed height = 45 nm and fixed pitch = 100 nm for different metals.
(A) Au, (B) Ag, (C) Cu, (D) Al, (E) Pd and (F) Ni.
The electric-near field spectra reveal that traditional plasmonic materials have a larger maxi-
mum enhancement factor for smaller disk/hole diameters (Figure 4.4(A-D)). For short pillar
diameters the two previous observed modes overlap and split up for larger diameters. However,

the high energetic mode only exhibits a small shift compared to the other lower energetic mode.

For larger diameters, a broader but weaker peak appears that corresponds to the plasmonic
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bonding mode. Ag shows the strongest near-field enhancement which is in agreement with ex-
perimental surface enhanced Raman studies®’. Pd and Ni feature significantly smaller near-field

enhancement which is caused by their large damping factors (Figure 4.4 (E) and Figure 4.4(F)).

4.4 Dielectric support

The plasmon resonance position is extremely sensitive to the dielectric environment of plas-
monic nanostructure 884, This property is extensively used in surface plasmon resonance spec-
troscopy to detect binding events of biological macromolecules at the plasmonic template®.
Therefore, the refractive index of the substrate and the pillars is important. Here VCPASs with
pillars made from different optically transparent substrate materials are investigated with sub-
strate material refractive indices ranging from 1.46 to 2.60. In Figure 4.5(A) and Figure 4.5(D)
the effect is shown for Au-based VCPAs for the far- and near-field. The plasmon resonance red
shifts with increasing refractive index. The line width and EOT maxima however are not sig-
nificantly altered. The other metals show a similar behavior with a linear dependence on the
refractive index (Figure 4.5 (B)). The slopes for Pd and Ni are slightly steeper than for the other
metals. The difference is attributed to their broader EOT maxima. The transmission maxima at
the EOT position do not show a strong variation with refractive index for any of the considered
metals (Figure 4.5 (C)). Fresnel reflection coefficients predict a five times higher reflection from
an air-titanium dioxide interface than for an air-glass interface. However, the EOT doesn’t show
a significant variation for different refractive indices which, illustrates a fundamental difference

in the light-matter interaction based on the plasmonic activity.

Next, the effect of the substrate material on the VCPA near-field properties is examined. The
near-field resonance exhibits a linear excitation wavelength dependency for all the metals with

similar slopes. Previously is was observed that the optical near-field could be reduced more than
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three times for planar plasmonic templates on a high refractive substrate materials (nsi=3.4) as
compared to a low refractive index substrate (ncar2=1.3)%. It was suggested that placing plas-
monic templates on nano-pedestals could overcome the electric screening by the substrate®® 1%,
However, our results indicate that the maximum electric near-field enhancement for VCPASs
remain the same or is only slightly decrease for larger refractive index pillars (Figure 4.5 (F)).
Furthermore, for Cu a slight increase is observed. Therefore, it is concluded that the vertical

plasmonic coupling alongside the air-substrate interface is robust towards substrate effects.
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Figure 4.5 VCPAs with variation of the nanopillar materials and corresponding refractive
index. The materials probed are glass (n=1.46), sapphire (n=1.77), cubic zirconia (n=2.16)
and titanium dioxide (n=2.6). (A) Au transmission spectra. (B) Change of the EOT peak
position for different metals depending on the refractive index. (C) Respective maximum
transmission value depending on the refractive index. (D) Electric near-field enhancement
of Au. (E) Electric near-field resonance position for different metals versus the refractive
index of the nanopillars. (F) Maximum electric near-field enhancement depending on the
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4.5 Plasmonic heterostructures

A promising strategy to increase the efficiency of conventional catalysts is to combine them
with strong plasmonic metals®® %2, This can be either a core shell or bilayer configuration
where the catalytic system consists of two or more different metals. Alternatively, the antenna-
reactor geometry consists of a plasmonic antenna, which is excited optically and then transfers
the energy to a proximal catalytic reaction site to facilitates a chemical reaction'®. The VCPAs
provide a simple route to combine both these strategies by sequentially depositing two different
metals on a nanopillar template. Ideally, the catalytic system should fully absorb light over a
broad spectrum. The plasmon decay generate hot charge carriers that can subsequently partici-
pate in chemical reactions. It has also been reported that some reactions are even directly driven
by strong electric near-fields®. To explore the potential of bimetallic VCPA as plasmonic two
different series were simulated. First, we consider a situation where the nanopillars are coated
first with Pd and then with Ag on top (Figure 4.6(A-C)). Figure 4.6A shows that the hetero-
structure shows a strong vertical coupling between the Pd disks and the perforated Ag film.
Absorption spectra reveal that the smaller diameter VCPASs can absorb up to 90% of the light
(Figure 4.6(B)) similar to the pure Pd VCPA counterpart. The electric near-field enhancement
shows a more than one order of magnitude higher enhancement than for the pure Pd VCPAs
which proves the superiority of the heterostructures (Figure 4.6(C)). In the second situation the

reverse geometry is considered, i.e. Pd is deposited on top of silver (Figure 4.6(D-E)). Here, the
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Figure 4.6 Metallic bilayers on glass nanopillars with pitch =100 nm, metal thickness = 40
mn and pillar height 45 nm. (A-C) Ag on top of Pd. (A) Cross section with 50 nm diameter.
(B) Absorption spectra and (C) electric near-field enhancement with varying diameter. The
black dotted line is the respective spectra for pure Pd and 50 nm diameter size. (D-F) Pd on
top of Ag. (D) Cross section with 50 nm diameter. (E) Absorption spectra and (F) electric
near-field enhancement with varying diameter.

plasmonic slabs shows strong coupling between the perforated Pd film and the silver disks (Fig.
4.6(D)). Additionally, the Pd discs also show a strong electric near-field enhancement. The
overall light absorption is similar to the first case where Ag was placed on top of Pd but the
electric-near field enhancement is reduced by ¥%. However, for catalytic application, it is more

feasible to place the Pd on top of Ag because in this configuration the surface area of the cata-

lytically active Pd greatly larger.
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4.6 Conclusion

The plasmonic response of vertically coupled plasmonic arrays (VCPA) is dominated by the
extraordinary optical transmission (EOT) effect, which can be tuned by the geometrical param-
eters. The diameter of the disks/holes has the largest influence on the resonance position. The
EOT maxima red shifts for decreasing lateral and vertical plasmonic gap sizes. The near-field
maxima correspond to the anti-bonding mode which correspond to the transmission minima.
The best electric near-field enhancements are observed for short vertical gaps and large lateral
gaps. Ag showed superior near-field enhancement compared to the other metals. The plasmon
resonance of Pd and Ni VCPAs show only a weak and broad EOT response and small electric
near-field enhancements. The resonance of Al is considerably blue shifted as compared to the
other metals. The variation of refractive index of the nanopillar shows a small linear dependence
on the linewidth, near-field enhancement and absolute EOT resonance position . Ag-Pd hetero-
structures were considered for plasmon driven catalytic applications and exhibit light absorption
up to 90% and superior electric near-field enhancements compared to pure Pd VCPAs. Con-
cluding, the derived principle mechanism of the plasmonic response of VCPAs are in the next

chapter used to design a surface enhanced Raman template with block copolymer lithography.
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5. Vertically coupled plasmonic arrays for Surface Enhanced Raman Spec-

troscopy

Surface Enhanced Raman Spectroscopy (SERS) is a versatile tool for the detection of analytes
in ultra-small concentrations. It gives valuable information about molecular vibrations in the
vicinity of plasmon active surfaces®®. It is widely accepted that the main mechanism of the Ra-
man scattering enhancement is the large local electric field amplification at sharp edges or at
nano-meter sized gaps between plasmonic particles, so called electromagnetic hot spots®. In
the last decade, much effort has been concentrated on the fabrication of economically viable
SERS sensors with a high density of effective hot spots®®. The fabrication approaches can be
separated into bottom-up and top-down methodologies. Bottom-up approaches consist of me-
tallic colloids such as nanoshells'®, nanorods!® and nanostars'®’ prepared by wet chemistry.
Their preparation is easy, scalable and cost effective while also providing a strong SERS en-
hancement. Though, the lack of precise control over the nanoparticles shape, size and arrange-
ment result in different Raman intensities and reproducibility is still a challenge'®. Top-down
approaches are generally based on lithographic fabrication methods with higher control of the
SERS substrate geometrical parameters. However, this incurs higher costs and lower through-
put. Lithographic based SERS substrates typically consist of metallic dot arrays and their com-
plementary perforated thin films'®, In recent years, much attention has focused on the study of
nanopillar arrays whose top and base are coated by metals, enabling large SERS enhancement
factors and increased surface area'®. This approach allows recycling of the plasmon active layer
deposited on the nanopillars once it is contaminated®'®. The perforated metal film at the base of
the array can also be used as an electrode for (spectro-)electrochemistry*'t. Many methods have

been presented for the fabrication of nanopillar arrays for SERS application including maskless
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reactive ion etching % 2 113 nanosphere lithography'# 1>, laser interference lithography ¢,

E-beam lithography 17117 nanoimprint lithography*? 8 and block copolymer lithography*'*
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Figure 5.1 Fabrication process: (A) The block copolymer is spin cast on silicon, (B) mi-
crophase separation of the BCP by solving annealing and (C) ethanol swelling of the phase
separated film. (D) Incorporation of iron salt into the BCP film, (E) polymer removal, and
the formation of iron oxide nanodots by UV/ozone treatment. (F) Iron oxide nanodots are
used as an etch mask, (G) the iron oxide is removed from the top of the pillars and (H) Gold
is deposited and VCPAs are obtained.
A common strategy is based on pillar arrays with large aspect ratios in the order of 10:1. After
a target analyte is drop coated on the SERS substrate and on subsequent solvent evaporation,
the pillars aggregate due to surface tension. The result is a strong lateral coupling of the plas-
mon- active metals deposited on top of the pillars, which deliver a strong SERS enhancement
16,110, 112-114, 119 |y addition, hydrophobic pillar arrays can confine the spread of droplets and
consequently increase the analytes concentration at the initial impact area of the droplet on the

SERS substrate!?°, However, the aggregation based strategy leads to non-uniform local Raman

intensities that can vary up to a factor 2 across the substrate!!?. It is also disadvantageous for in-
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situ studies in aqueous environment and for analytes that require a controlled functionalisation

of the gold surface!??.

As an alternative approach pillar arrays with a small height-to-diameter aspect ratios can be
used 10:12:17.117.122 ‘These nanopillars enable two types of coupling depending on their geomet-
rical parameters: (i) Lateral coupling in between the top of the pillars 12, (ii) or vertical coupling
of the metal layers deposited on top of the nanopillars and dewetted gold clusters on the side
wall of the nanopillars that typically arise from an inhomogeneous metal deposition process*®
1217117 Here, SERS substrates fabricated by block copolymer lithography and based on strong
vertically coupled plasmonic arrays (VCPAS) between the gold layer on top of the nanopillars
and a perforated gold thin film at their base is presented. It is demonstrated that the Raman
intensity drastically increases for decreasing gap sizes between the perforated film and the disk
array. Previous nanopillar SERS substrate fabricated by block copolymers relied on a costly
atomic layer deposition intermediate step 1'% 1%, Such arrays can be fabricated by a novel cost
effective and scalable process based on the selective incorporation of iron precursors in mi-

crophase-separated block copolymer films to form an etch mask® (see fig. 5.1).

5.1 Sample fabrication

The optical properties and the SERS enhancement of the VCPAs is governed by the geometrical
parameters of the plasmonic slab > ™1, The best enhancement is achieved when the plasmon
resonance is tuned to the laser excitation wavelength. Tuning can be made by adjusting the pillar
height through the etching process parameters. The pitch and pillar diameter are defined by the
initial etch mask predefined by the block copolymer system. The relative size and structure of

the block copolymer film can be varied through altering the molecular weight, volume fraction
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Figure 5.2 Fabrication process steps: (A) AFM image after phase separation of PS-b-PEO,
(B) swelling of the block copolymer film (C) Top down SEM image of iron oxide dots hard
etch mask transferred onto the silicon substrate after polymer removal and (D) of VCPAs.

and chemical structure of the components of the block copolymer. Here polystyrene-b-poly(eth-
ylene oxide) (PS-b-PEQ) block copolymer was used with respective average molecular masses
of blocks Mps=42 kg mol™ and Mpeo=11.5 kg mol* 12124 The block copolymer system has
been previously well studied and the derived pattern show large scale uniformity which has
been confirmed by grazing-incidence small-angle X-ray scattering* 4. A 1 wt/% block copol-
ymer solution in toluene was spun cast onto a silicon substrate for 30 seconds at 3000 rpm,
which was followed by solvent vapour annealing in a glass jar in toluene atmosphere for 80
minutes at 50 °C. Thermal solvent annealing facilitates the mobility of the polymer chains so
that the cast film can restructure into a more stable state in thermal equilibrium. As a result, the
block copolymer phase separates into hexagonal ordered PEO domains in a PS matrix, observed
by AFM analysis (Figure 5.2(A) and a corresponding AFM profile line in figure S2 (in the
appendix)). Next, the phase-separated film is swelled in anhydrous ethanol for 14 hours and at
40 °C to expand the depth of the domains from 6 nm to up to 27 nm (Figure 5.2(B) and a

corresponding AFM profile line in figure S3).

The increased dimensions of the pores enable the incorporation of larger volumes of the final

etch resist into the polymer domains. Adding this resist is essential, because the selectivity of
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the polymer etch mask is low compared to conventional etch masks?°. Therefore, freshly pre-
pared 0.4 wt% iron (I11) nitrate solution in anhydrous ethanol was spun cast (30s, 3000 rpm) on
the substrate to fill the PEO pores. The polymer organics are removed by 3 hours UV/ozone
exposure, while also oxidizing the iron inside the cavities*. The fabricated iron oxide arrays
have an average dot diameter of d = 28.4 nm £ 4.4 nm and a pitch of a=42.3 nm + 3 nm (Figure
5.2(C) and diameter and pitch histograms in figure S4 and S5 and an AFM analysis in figure
S6). A small pitch compared to the diameter is favourable because it increases the pillar density
and therefore hot-spot formation for SERS. It also results in lateral coupling between the apexes
of the pillars. The nanopillars are created by reactive ion etching in a fluorinated plasma, where
the pillar height is well controlled by adjusting the etch duration (see figure S7 for SEM top
down views with different magnifications). To prevent cross-contamination of the SERS spectra
due to carbon fluoride, the silicon etching is followed by an oxygenated plasma-cleaning step.
Finally, any remaining iron oxide dots are removed through a nitric acid wet etch. The VCPAs
are formed by depositing a 5 nm titanium adhesion layer and a 35 nm plasmon active gold layer
onto the nanopillar template. Gold has inferior SERS enhancement factors compared to silver,
but is stable under ambient conditions and does not suffers from oxidation®’. The plasmonic
slab consists of a perforated gold film at the base of the pillars and a dot array on top of the
pillars. The gold dots on top of the nanopillars extend slightly over the silicon nanopillar base
and have an average diameter of d = 33.7 nm £ 7.1 nm (Figure 5.2D and diameter histogram in
figure S8). This is advantageous since it increases the surface area at the main hot-spot locations.
Furthermore, the small standard deviation of the gold dot diameter reduces inhomogeneous
broadening of the plasmon resonance that can lower the SERS intensity*#. Concluding, a series

of angled views of the VCPAs with different heights is shown in figure 5.3 and S8.
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Figure 5.3 SEM images of VCPAS with different heights at a 70° angle. (A) 55 nm (B) 65 nm
(C) 74 nm (D) 91 nm.

5.2 SERS measurements

4-ATP was selected as a probe molecule as the thiol group can form covalently strong bonds
with the gold surface. Moreover, the molecule was already used as a SERS probe and the vibra-
tional bands at the finger print region were assigned 12°. A special feature of 4-ATP molecules
is its capability to oxidize to 4,4'-dimercaptoazobenzene (DMAB) during SERS experiments®?’,
The VCPASs were immersed into 1 mM 4-aminothiophenol (4-ATP) for 12 hours to self-assem-
ble a single monolayer onto the gold surface and was then thoroughly rinsed with milli-Q water
to remove any excess molecules. In the study only the C-S bond stretching vibration coupled to
the 7a(a1)s benzene ring stretching vibration mode at the ~1075 cm™* peak was considered as it
has similar SERS line shapes and intensities for both molecules!?’. In figure 5.4(A) the normal-
ized SERS spectra and normal Raman of bulk 4-ATP is shown (look in the appendix for detailed
methodology). Strongest peak is the C-S, 7a(a1)s str vibration at ~1075 cm™ . The SERS spectra
shows its typical broad continuum background and the line shapes of the molecules are broad-
ened compared to the bulk 4-ATP Raman spectra'?8. The latter is especially useful when using
a low resolution Raman spectrometer. To demonstrate that our block-copolymer-derived tem-

plates are a reliable platform for SERS a 200 um x 200 um map of the background-corrected
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Figure 5.4 (A) SERS, background corrected SERS and Raman spectra of 4-ATP. The spectra
were normalized to their maximum Raman scattering intensity for better visual comparison.
(B) 200 pm x 200 um map of the background corrected Raman intensity deviation to its
mean value. The C-S, 7(a(ai); stretch vibration peak at 1075 cm™ and a 5x objective (NA =
0.25) with 4 um laser diameter was used with a 5 um mapping resolution.
SERS intensity was measured. It showed an average relative standard deviation of 8% (figure
5.4(B)). Further, the effect of the nanopillar height on the SERS enhancement factor was inves-
tigated (figure 5.5). It is assumed that the gold surface of the VCPAs are fully covered by 4-
ATP molecules and all the molecules contribute to the Raman signal. The SERS enhancement
drastically increases for shorter pillar heights and smaller inter slab gaps, which exhibits
stronger coupling between the disk array and the perforated gold film at the base of the pillars..
Generally, the electric near field enhancement increases exponentially with decreasing plas-
monic gap size'?®. However, it will also shift the plasmon resonance position and a careful op-
timization must be done to adjust the plasmon resonance to the laser wavelength. However,

smaller plasmonic gaps will generally enhance the Raman intensity and therefore smaller pillar

heights should perform better!3®. The strongest experimental enhancement factor is calculated
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to be 1 x 107 for nanopillars with h = 55 nm and a gap between the metal films below 15 nm.
The size of the plasmonic gaps is large enough to allow a functionalisation of the gold surface
and leave enough space to be accessible for larger macromolecules such as proteins®:. This is
an average SERS enhancement factor assuming that all the molecules contribute equally to the
SERS intensity. If one make an unlikely assumption like in Ref!!® that only the molecules in the
plasmonic hot spots contribute the Raman signal, then the SERS enhancement factor can be
several magnitudes higher'®. To put this into perspective Ru et. al demonstrated that EFs as low
as 107 are sufficient for single molecule SERS signals whereas typical maximum single mole-
cule SERS experiments are performed with enhancement factors at the order of ~10% 1%,

Hence, it can be anticipated that the VCPASs should be capable of single molecule spectroscopy.

6
12 x10
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Figure 5.5 Experimental enhancement factor of VCPAs with different pillar heights. The
metal thickness coated on the nanopillar array template is 40 nm.
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5.3 FDTD simulation

To investigate the origin of the large enhancement factor finite difference time domain (FDTD)
simulations were performed to predict the electromagnetic hot spots. In the simplest approxi-
mation the SERS enhancement scales with the 4th power of the electric field enhancement
Lsgrs x< E*/E§ > where E is the electric field at the surface of the plasmonic structure which
Is normalized to the electric field of the incident light Eo. First, only the nanopillars without
any gold were simulated. Figure 5.6(A) shows the cross section of the electric field enhance-
ment. As expected, the near field enhancement is negligible without plasmon resonance. Fur-
ther, the cross section of the nanopillars can be seen with only dots on top of the nanopillars
(Figure 5.6(B)), a perforated gold film at the base of the nanopillars (Figure 5.6(C)) and VCPAs
(Figure 5.6(D)) at plasmon resonance. Clearly, there is a strong near field enhancement in be-
tween the vertical gap of the plasmonic slabs. In figure 5.6(E) the near field enhancement as a
function of wavelength is shown. The VCPASs do not only feature larger electric field enhance-
ments than the respective individual hole array and disk array, but the plasmon resonance and

the near field enhancement is also broader.

The strong enhancement of the VCPAs is attributed to Babinet’s principle®. Babinet’s principle
states that the transmittance (T) of a slab and its complementary counterpart (Tc) should fulfil
T+Tc=1. This indicates that the resonance position of the hole array and that of the disk array
should be somewhat similar. Therefore the plasmonic resonance can be seen analogue to the
coupling of nanoparticle dimers®. Accordingly, the plasmon coupling can be tuned by the gap

size between hole array and disk array® and therefore also the electric field enhancement.
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Figure 5.6 Cross section of the simulated electric field enhancement (A-D). (A) Silicon nano-
pillar with 55 nm height. (B) Gold dot array on top of the nanopillars, (C) Nanopillars perforat-
ing a thin gold film at plasmon resonance and (D) VCPAs at plasmon resonance. (E) Electric
field enhancement as a function of wavelength for dot arrays, perforated gold film and VCPAs.
The VCPAs perform equal or better than the respective perforated film and dot array for any
wavelength.

5.4 Discussion and outlook

The VCPAs demonstrate an excellent average enhancement factors as high as 1 x 107 with a
standard deviation of the Raman intensity up to 8%. To put this into perspective let us consider
the most important commercial available SERS substrates. (1) Klarite (Mesophotonics Ltd.,
Southampton, UK) is based on photolithography and potassium hydroxide (KOH) wet etching
. of silicon to create inverted pyramids that are then coated with gold. In addition, the silicon
monolith can be used for injection moulding to create plastic SERSs substrates. The enhance-
ment is reported to be between 102 and 10° with a standard deviation of 5%*** 134, Due to the
fact that the inverted pyramids do not feature sharp edges or nanogaps it is reasonable to assume
that the true enhancement factor is at the lower end of reported values (wrong or elevated en-

hancement factors are quiete common in literature®?). (11) Serstrates (Silmeco, Copenhagen,
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DK) are based on maskless reactive ion etching and have enhancement factor as high as 6.24 x
10° with a standard deviation of 7%?%. The block copolymer derived SERS templates have a
superior enhancement factor,f but the standard deviation is slightly lower than the commercial
available substrates. However, the sample fabrication in cleanroom facilities should improve
the overall quality of the substrates. The process fabrication can also be further optimised. Due
to the small required aspect ratios of the VCPAs a polymer soft mask can be used instead of a
metal oxide hard mask. Poly(styrene)-b-poly(methyl methacrylate) (PS-b-PMMA) is suitable
for pattern transfer. The PMMA can be degraded in UV/ozone or oxygenated plasma and then
removed, whereas the PS gets cross linked and can be used as a mask®*®. Next, the pillars can
be created with KOH on <110> orientated silicon for an almost perpendicular etch (instead of
inverse pyramidal for <100> orientation)**. Finally, gold can be wet chemically deposited onto
the template **”. Gold evaporation is a lengthy process that involves costly equipment. In con-
trast, a wet chemical preparation is cheaper , requires little equipment and can be also performed

by the end-user if the template is to be recycled**.

The VCPASs feature an unigue option for spectro-electrochemistry. The perforated gold film at
the base of the pillars can be used as an electrode. Soluble proteins and other biomolecules have
in general surface charges to mediate interaction with polar solvent (water). A potential at the
electrode could attract these molecules directly into the plasmonic hot spots (Figure. 5.7(A)).
As an example such a set up could be used for the rapid analysis of antigens in blood, milk or
urine!® ¥ The pillars itself can be also used to filter larger macro molecules and to reduce
noise in the Raman signal. This concept is already used on microstructured ATR crystals pro-

vided by Irubis (Munich, Germany).
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The VCPAs are also very interesting for molecular biophysics. It is often desirable to have a

free standing lipid bilayer membranes for protein studies**

. Membranes that are supported on
a substrate do prevent the transmembrane proteins from interacting with the substrate, which
denatures proteins!®. A membrane spanning on top of the VCPAs could support functional
proteins in the membrane section between the pillars. Considering that the vibrational enhance-
ment is strong enough, the pump activity of channel proteins can be monitored by SERS, where
the perforated film can act as an electrode. In the case of voltage-gated ion channels the closing

and opening of the channel can then be controlled by the potential of the electrode (Figure

5.7(B)).
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Figure 5.7 Potential application of the VCPA SERS sensor. (A) The perforated at the base of
the pillars can be used an electrode to attract charged molecules. (B) The electrode can be also
used to monitor the activity of voltage-gated ion channels for spectro-electrochemistry. (C)
Internal reflection configuration with transparent substrate such as glass/fused silica in combi-
nation with microfluidic cell.

The silicon substrate and silicon nanopillars are also highly polarizable due to the large refrac-
tive index that results in a slight electric screening. A different material with a smaller refractive
index such as SiO> could reduce it, however this will change the plasmonic resonance position

and an optimisation of the geometrical parameters is necessary. In addition, glass/fused silica is
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transparent which allows for internal reflection configurations. This is useful when measuring
in fluidic medium where otherwise a costly water immersion objective is required. For example

140

glass as a substrate can be used in a microfluidic setup *** such as depicted in figure 5.7(C) or

for total internal reflection fluorescence microscopy °.
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7. Appendix

7.1 Raman spectroscopy

SERS spectra were collected with a XploRA Raman spectrometer equipped with a 785 nm
wavelength laser. The power was set to 0.54 mW. A 100x objective (NA=0.9) was used with a
beam focus width of 1 um. The integration time were 5 seconds with 5 accumulations for each
spectrum. 10 spectra from different spots were averaged and the baseline were corrected from
their characteristic background. The enhancement factor was estimated with following expres-

sion:

I N.
EF = sers/Nsers

IREF/NREF

where Isers and Irer are the Raman intensities and Nsers and Nrer are the probed molecules for
the SERS and reference measurement respectively. For Nsers all the molecules self-assembled
on the gold surface of the VCPAs are counted with a surface packing density of 0.20 nm? per
molecule'*!. The effective VCPAs surface is estimated to be two times larger than the corre-
sponding flat surface, which leads to an estimate of 7.85 x 10° molecules probes. Nrer is calcu-
lated by collecting a spectra of bulk 4-ATP with a molecular density of 1.18 g/cm®. Assuming
a laser interaction volume of ~ 15 um? and a molecular weight of 125.189 g/mol, we calculated
Nrer to be 8.8 x 10%°. The laser interaction volume and height were determined as discussed in
Ref. 132 The calculated enhancement factor can be seen as an upper limit. The mapping in figure
2B was collected with 785 nm wavelength and 5x objective with 4 um laser diameter and 5 um
resolution. Two 200 pum x 100 um (the full range of our Piezo stage) were collected next to each

other and subsequently merged for further analysis.
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7.2 Supplemental figures
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Figure S1. Respective figures in Fig 4.1 in eV instead of wavelength.
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Figure S2. PS-b-PEO after phase separation. (A) AFM picture. (B) AFM profile
line.
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Figure S3. PS-b-PEO after swelling. (A) AFM picture. (B) AFM profile line.
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