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Abstract

Plasmon resonances are the coherent longitudinal oscillations of free carriers. The spectral
response of a plasmonic metal structure which exhibits such resonances is highly dependent
on geometry, interparticle interactions, dielectric environment and the optical properties of
the metal itself. Classically, the optical properties of a material are fully described by its
dielectric function. This entity is dependent on the density of free carriers.

In this work, we tune the plasmon resonance position of an ultrathin Au film perforated
with subwavelength nanoholes by applying an electric potential to it. In order to enhance
the shift of the resonance position, we employ a DEME-TFSI ionic liquid which increases
the capacitance of the gold film and locally alters the refractive index of the dielectric en-
vironment. We find that upon application of a potential of 2 V, reversible redshifts of the
plasmon resonance as large as 18 nm can be observed. Throughout our measurements we
see a time-dependent hysteresis effect which stems from chemisorbed ions. On basis of ca-
pacitance measurements and FDTD simulations, we are able to quantitatively model the
observed shifts of the plasmon resonance. We find that the largest portion is caused by a
pseudocapacitance which arises from chemisorbed molecules. Moreover, we disentangle the
contributions of altered charge density and local refractive index change in the ionic liquid.
Based on our model, the former contributes about three quarters of the spectral shift whereas
the latter contributes about one quarter.
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Chapter 1

Introduction

Plasmon resonances are the coherent longitudinal oscillations of free carriers. These reso-
nances, which occur for noble metals at (near-) visible wavelengths, are strongly confined to
a materials surface and have a high electric field. In order to excite such resonances, struc-
tures of subwavelength dimensions are mandatory. By adjusting the geometric properties,
interparticle interactions or the local dielectric environment, the spectral response of such
structures can be widely tuned.

Triggered by the advent of ever better nanofabrication and -characterization techniques, the
field of plasmonics which explores this optical phenomenon has gained particular interest
over the past decades. Besides the fundamental insights that were made, several applica-
tions were suggested or even came into reality. A technology which makes use of the enhanced
electric field near a metal’s surface to detect the vibrational states of molecules is surface
enhanced Raman spectroscopy (SERS) [1]. Another approach is utilizing the high sensitivity
of plasmon resonances to changes in the local dielectric environment of the metal. This can
be used for unlabeled single-molecule sensing [2]. Moreover, concepts exist to incorporate
plasmonic nanostructures in thin film solar cells to enhance the light trapping in thin film
solar cells [3].

Recently, the possible utilization of plasmons to modify the electric properties of metal struc-
tures [4] or even to generate voltages has been explored [5].

In this work, we explore the spectral response of surface plasmon resonances to externally
applied voltages. For this, a bias is applied to nanohole arrays which are in contact with an
ionic liquid providing high specific capacitances. This does not only affect the density of free
carriers in the plasmonic structure but also its local dielectric environment. By backing up
the detected opto-electronic response with electrical measurements and FDTD simulations,
quantitative understanding of the observed optical response is gained.

1.1 Outline

In chapter 2, the theoretical foundations of a metal’s response to external electromagnetic
fields will be investigated in terms of the dielectric function and surface plasmon polaritons.
Moreover, the dependence of the refractive index on molecular polarizabilities will be de-
scribed.



Throughout chapter 3, opto-electronic experiments on a plasmonic nanonhole structure will
be reported: In chapter 3.1, the fabrication process of these structures is depicted and in
the subsequent chapter 3.2, the basic optical response of the samples is studied, both with
optical experiments and simulations. In chapter 3.3, the experimental results of shifted sur-
face plasmon resonances will be displayed. Theoretical modelling of these shifts in chapter
3.4.1-3.4.3 is the basis to understand the observed optical behavior in chapter 3.5.

In chapter 4, the realization of the opto-electronic experimental setup which was used to
detect the shifts is described.




Chapter 2

Theory

In the following, key concepts which are important in the further course of this work will
briefly be introduced. These include models to describe the dielectric function of metals,
basic properties of surface plasmon polaritons and the description of refractive index on
basis of molecular polarizabilities.

2.1 Dielectric Function of Metals

The optical behavior of a material is determined by the response of its free electrons to an
impinging electric field E(t). The response of metals can be understood with the Drude-
Sommerfeld model which assumes that electrons (with e: electron charge, m*: effective mass,
n: free electron density) are unbound and only damped by a damping constant 'y [6]. The
equation of motion that follows from these assumptions can be written as

0°r or

m*—— + m*[y— = eE(t 2.1

Ty = eR() 2.1
Here, I'y is the damping constant of the electron. This quantity corresponds to the inverse
electron lifetime 7, ! which is dependent on a electron’s lifetime for scattering processes with
crystal defects (7¢p), grain boundaries (7gg), phonons (7._pn) and other electrons (7.—_.) [6]:

To = 70) + TaB + Tolpn + Tore (2.2)
Solving Eq. 2.1 and combining this with the definition of the polarization of metals yields

an expression of the dielectric function:
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The dielectric function consists of a real part ¢, and an imaginary part € which describe
the deflection of light and its absorption, respectively. The Drude-Sommerfeld model can

5



be used to describe the general trend of experimentally determined dielectric functions of
metals. However, for a more accurate description of a metal’s optical response, interband
transitions at distinct energies have to be taken into account. A simple model to describe
this behavior is the Lorentz-Drude model which adds a discrete number k of Lorentzian-type
interband transitions to the Drude model [7]:

fowg k fng
w? 4wl * XJ: (w? — wf) + iwl (2:5)
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Here, f; is a weight factor for unbound electrons, f; are weight factors of the bound electrons,
wj are the interband transition frequencies and I'; are interband damping rates.

An even more accurate model for the dielectric function of metals was developed by Brendel
and Bormann [8]. Their model extends the Lorentz-Drude model by superimposing the
Lorentzian interband transitions with a Gaussian function. This statistical approach allows
for a very good fit to measured dielectric functions. Physically, the Gaussian lineshape
describes the statistic distribution of resonance frequencies.
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Here, o describe the damping of the Gaussian oscillators.

Fig. 2.1a and b shows the real and imaginary part of the gold dielectric function for the
three different models introduced above. The Drude model proves to be accurate for the
low energy part of the dielectric functions (E<2.1 eV). In the regime of higher energies
where interband transitions occur it fails to describe the measured data. In contrast to this,
the Lorentz-Drude and the Brendel-Bormann model are able to reproduce the trends well.
For the real part €, only minute deviations between the two models occur, whereas for the
imaginary part €;, the Brendel-Bormann model performs better.
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Fig. 2.1: a) Real and b) imaginary part of the dielectric funciton of gold. The black squares are measured
data by Theye [9]. The dashed blue line represents the Drude model which was fitted to the low-energy
part (E< 2.1 eV). The dashed green and red lines display the Lorentz-Drude (LD) and Brendel-Bormann
(BB) model, respectively. Note that the parameters for LD and BB model were taken from [7] and that the
y-scale for a) and b) are different. The deviation from measured data in the low-energy regime (<2.1 eV) is
due to a fit experimental data in the infrared which are not shown here.

2.2 Surface Plasmon Polaritons

Surface plasmon polaritons (SPP) are the propagating surface modes at a metal/dielectric
interface and are comprised of the oscillating surface electrons of the metal and its associated
electromagnetic field [10]. In the case of a single interface, the dispersion relation which
determines the modes that can be excited by an impinging electromagnetic wave of frequency
w can be solved analytically on basis of the conservation of parallel wave vector momentum
2 1.2

ki + K, q/m = €a/m - <E> (2.8)
Here, the indices d/m represent dielectric and metal, respectively and ¢ denotes the momen-
tum of free space photons. Solving this equation for k)| /kgpp yields the dispersion relation
of surface plasmons for a single interface [11]:

w €4€m
k ==/ — 2.9
sep = 2, [ £2m 29)

If more complex structures are investigated, the dispersion relation has to be calculated from
the parallel wave vector conservation at every interface in the structure.

For common material constants of dielectrics and metals, kgpp is usually larger than the
free space wave vector of photons [12]. This means that free space photons cannot directly
couple to SPPs but have to gain an additional wave vector momentum. One way to gain this
missing momentum is to periodically perforate the metal film with holes [10,13]. At these
holes, which are separated by A, light can be diffracted (with diffraction orders m = 1,2, ...)
and thereby gain additional momentum to the in-plane momentum k;; so that

2
kpp = kj| & m% (2.10)
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2.3 Refractive Index Change by Concentration Change

The optical response of a dielectric medium consisting of a number of molecules can be
described with the molecular polarizability a and the number density n using the Lorentz-
Lorenz equation [14]. This equation combines the dielectric function with the polarizability
of molecules. If a medium consist of different kinds of molecules, this equation still holds
but can be written as a sum of the individual contributions (in CGS units):

—= = — N0 (211)

The polarizability of a molecule can be interpreted (in CGS units) as the interaction volume

of that molecule with light. Typically, this volume has dimensions of some A%,

The molecular polarizability can be well estimated by adding hybridized atomic polariz-
abilities of bond atoms rather than those of atoms [15]. These values are determined from
measurements on homologous molecules.




Chapter 3

Manipulation of the SPP resonance

From Eq. 2.9 it can be seen that the free space frequency at which photons can couple to
SPPs is dependent on the dielectric function of both the metal and the surrounding dielectric
media. In the case of the metal, the dielectric function greatly depends on the free electron
density parameter which is mostly determined by the type of metal. Another effect on the
dielectric function of nanoscale metallic structure can be its size and shape. It has been
found that the associated spatial confinement mainly alters a metal’s dielectric function by
changing the interband transitions [16].

An in situ change of a metal’s dielectric function can be reached by manipulating the free
electron density by means of externally applied electric potentials. A common way to in-
crease the relative change in charge density is to enhance the capacitance of the investigated
plasmonic structure.

Following this strategy, shifts in resonance wavelength were demonstrated for different nanopar-
ticle geometries such as nanospheres [17,18], -rods [19,20], -disks [21] or -holes [21] supporting
localized surface plasmon resonances (LSPR). For instance, silver nanoparticles were shown
to exhibit a reversible shift of the LSPR as large as 20 nm [18] for a change in applied
potential of 2 V. A common observation throughout different studies is that a blue-shift of
the resonance is accompanied by a narrowing and amplitude increase of the resonance peak
and a red-shift is accompanied by a broadening in energy and a decrease in amplitude [17-20].

The second parameter that can change the plasmon resonance wavelength in situ is the
refractive index of the surrounding dielectric medium. As the plasmon resonance position is
approximately linearly dependent on a change of the refractive index [22], this effect is used
to detect the adsorption of single molecules to plasmonic nanoparticles [2] or to measure
small concentrations of heavy metal ions with high accuracy [23].

The preceding considerations regarding the tunability of plasmon resonances suggest that
when enhancing the capacitance with ionic liquids, both the influence of the altered charge
density and the influence of the altered refractive index near the surface have to be taken
into account. The interplay of these two contributions will be investigated in the following.
To this end, an experimental structure comprising of a thin gold film which is periodically
perforated with subwavelength holes is fabricated and characterized. This kind of structure
supports SPPs whose resonance position can easily be tailored by tuning the geometric di-



mensions [12]. To enhance the plasmonic structure’s capacitance, it will be combined with
a water-based ionic liquid carrying organic ions.

3.1 Sample Fabrication

The plasmonic structure comprises of an ultrathin gold film on top of a dielectric AlyOs-layer
and silver. The gold film which is perforated with holes separated by 290 nm supports a
surface plasmon polariton (SPP). This is the main optical property that will be investigated
in the following. The main optical benefit of this structure is that it can support unity
absorption as the gold and silver layer together constitute a Fabry-Pérot resonator which,
together with the high reflectivity of silver, can be tuned to critical coupling of the plasmon
resonance in the gold film [24] (see chapter 3.2). Moreover, the layer structure displays a
platform for electrical measurements as a bias can be applied between the gold and silver
film. Essentially, the two metal layers constitute a parallel plate capacitor which slightly
enhances the possible relative change in charge density.

In the following, we describe the fabrication of this nanostructured device. Electric isolation
between gold and silver layer is achieved by placing the hole arrays on 150 ym x 150 ym
large pads and electrical contacting is facilitated with thick gold pads next to every hole
array (see Fig. 3.1a).

a) 150 pm
9 um 80 um 5pum
(=] L]
[ <«—ALO,
Hole Array Additional Gold Au
Pad

Fig. 3.1: a) Sample Geometry with dimensions of contact pad (150 x 150 um), hole array (9 x 9 ym) and
additional gold pads (80 x 80 pm) b) darkfield micrograph image of the fabricated structure.

As sample substrates, 12 x 12 x 1 mm glass panes are used (Fig. 3.2a), which are cleaned
using a base piranha recipe. Onto these substrates, a 15 nm chromium adhesion layer (rate:
0.15 nm/s, 150 mA sputter current) and a 330 nm silver back reflection layer (rate: 1 nm/s,
150 mA sputter current) are sputter coated (Fig. 3.2b). A homogeneous intermediate layer of
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Al, O3 with large resistivity is deposited onto the sample by means of atomic layer deposition
(1580 cycles, 150°C) using the precursors trimethylaluminum (TMA) and HyO (Fig. 3.2c).
In the next step, a three layer structure of PMMA, germanium and HSQ electron resist
is deposited on the sample (Fig. 3.2d). The merit of this structure is that the nanoscale
structures can be written with high resolution in the HSQ resist and the PMMA facilitates
lift-off after the deposition of gold. After prebaking the sample at 150°C for 3 min, a 230 nm
thick PMMA-layer (1500 rot/s, acceleration 1500 rot/s, 45 s) is spin-coated and postbaked
for 3 min at 150°C. Next, a 25 nm germanium layer is thermally evaporated (rate: 0.5 A/s)
and finally a 70 nm layer of negative electron resist is spin-coated (HSQ-Fox 15: Methyl
Isobutyl Ketone (MIBK) (1:2), 3000 rot/s, acceleration 1500 rot/s, 45 s) onto the sample
and baked out for 2 min at 180°C.

a) b) S
Sputter Coating Atomic Layer Deposition
ALO,
d) Spin Coating e) f)
& Electron Beam Lithography Development

Thermal Evaporation

) h) i)
9 Reactive lon Etching Thermal Evaporation Lift-Off

m11}] 1] -

Fig. 3.2: a-i) Schematic cross sections of the fabrication process for hole arrays. The respective dimensions
do not correspond to the real dimensions.

Subsequently, electron beam lithography (EBL) is employed to define the hole array struc-
ture with a pitch of 290 nm at doses ranging from 200-400 1C/cm? (proximity correction,
10 ym aperture, 20 kV) in the HSQ resist (Fig. 3.2e). The contact pads with dimensions of
150 x 150 pm and a width of 5 um are written at a dose of 300 uC/cm? (30 um aperture, 20
kV) into the resist. After the EBL step, the HSQ resist is developed for 1 min in MF-319
developer at 50°C and rinsed in deionized water (Fig. 3.2f). Next, reactive ion etching (Fig.
3.2g) is used to transfer the pattern through the sacrificial Ge layer (12.5 sccm SFg, 2.5 scem
Os, 3 min, backpressure 8 mtor, strike pressure 20 mtor) into the PMMA layer (25 sccm O,
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4:30 min, backpressure 5 mtor, strike pressure 30 mtor). The PMMA is underetched which
facilitates the subsequent lift-off. Thermal evaporation is employed to deposit a 20 nm thin
gold film (rate 0.5 A/s) onto the sample (Fig. 3.2h). Finally, the redundant gold and resist
is removed with 10 min of megasonication in acetone which is interrupted in order to blow
gold flakes off the surface with a syringe (Fig. 3.2i). Finally, the samples are ultrasonicated
in iso-propanol (IPA) for 1 min.

In order to be able to relate exposure doses to actual hole diameters, the dimensions of holes
at different doses is measured with an SEM. For every dose factor, the average diameter is
calculated from ten horizontally and ten vertically measured holes. As can be seen from
Fig. 3.3a and b, the hole diameter is significantly varying for doses of 200 and 400 uC/cm?,
respectively. The results of SEM image analysis are displayed in Fig. 3.3c, which connects
the doses to corresponding diameters ranging from 97 to 145 nm.

In general, holes with larger diameters tend to be more circular than those with smaller
doses, indicating that the lift-off works better.

a) c) 150f ‘
[
140}
— ®
€
£ 130, ° ¢
€ 120
©
a
% 110} o ®
T
500 nm 100}
I P
I=200|1C/Cm2 200 250 300 350 400
Dose [uC/em? 1
b) d)
Pt
Au ¥ 20nm
ALO, 140 nm
Ag 330 nm
Cr
500 nm glass
I

I=400uC/cm?

Fig. 3.3: a), b) 5 kV SEM images of hole arrays for exposure doses of 200 and 400 xC/cm?, respectively c)
measured hole diameters vs. exposure dose d) 260 kx, 5 kV SEM cross section of the fabricated structure.
Note that the Platinum (Pt) layer was deposited for better imaging.
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In a second fabrication step, thicker pads of gold are deposited onto the devices. These
pads facilitate the contacting of the 20 nm thin gold film as they avoid a short caused by
puncturing. For this, an adhesion layer of bis(trimethylsilyl)amine (HMDS) is spin-coated
(4000 rot/s, acceleration 1000 rot/s, 35 s) underneath a 420 nm thick layer of positive ZEP
resist (ZEP 520a, 1200 rot/s, acceleration 700 rot/s, 40 s, Fig. 3.4a) and E-Spacer (2000
rot/s, acceleration 400 rot/s, 45 s). Subsequently, 80 x 80 um big squares are written with
EBL onto each pad (dose: 100 £C/cm?, 30 um aperture, Fig. 3.4b). Afterwards, the E-spacer
is removed by rinsing the sample twice in HyO (30 and 15 s, different beakers). The ZEP
resist is developed by rinsing the sample 60 s in pentyl acetate, 15 s in MIBK:IPA (9:1) and
15 s in IPA (Fig. 3.4c). Then, a 100 nm thick gold film is thermally evaporated (2 A /s, Fig.
3.4d). Finally, the redundant gold and resist is removed from the sample by megasonication
(10 min) in acetone and ultrasonication (1 min) in IPA (Fig. 3.4e). As before, a syringe is
used to blow gold flakes off the surface. A darkfield micrograph of the as-fabricated sample
is displayed in Fig. 3.1b.

a) Spin Coating b) Electron Beam Lithography (4] Development

zep —

Au
ALO,

Ag

Cr
Sio,

d) Thermal Evaporation e) Lift-Off

Au

Fig. 3.4: a-e) Schematic cross sections of the fabrication process for additional gold pads. The respective
dimensions do not correspond to the real dimensions.

3.2 Sample Design

We use finite-difference time-domain (FDTD) simulations to study the optical properties
of the plasmonic structures which are described in chapter 3.1. For this, periodic hole
arrays with the corresponding dimensions are built in Lumerical [25]. Fig. 3.5 shows the
cross section of a unit cell in the simulation. The dielectric functions of silver and gold
are described with a Brendel-Bormann model according to the parameters found by Rakic
et al. [7] and the dielectric function of Al,Oj is represented with values determined from
Variable Angle Spectroscopic Ellipsometry (VASE). In order to model the effect of a water
based-electrolyte, the index of the surrounding medium is set to 1.31. Based on an Al;O3
thickness of 140 nm (Fig. 3.3d), the optical response of structures with diameters ranging
from 90 to 150 nm, a pitch of 290 nm and a gold layer with a thickness of 20 nm are
simulated. A plane wave in the wavelength range 500-1100 nm is injected 180 nm above the
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structure and monitors 50 nm below and 230 nm above the gold film record transmission and
reflection. The top and bottom boundary conditions are set to PML and metal, respectively.
For improved computation time, the side boundaries parallel to the plane wave source are
set to anti-symmetric and those perpendicular are set to symmetric (not displayed in Fig.
3.5). In order to better resolve the optical response of the thin gold film, an additional mesh
with 1 nm spacing in either direction is overriding the background mesh (5 nm spacing in
either direction). This fine mesh covers the z-interval between 10 nm above and below the
20 nm thick gold film (see Fig. 3.5).

=== FDTD Simulation Volume

230 e . — Reflection Monitor

180 m!" B - = s == Plane Wave Source

,E: 20 = —:me Mesh
R — Au
N O mm
—ALO,
-50 == == Transmission Monitor
-140 ==

| | i | |
-100 -50 0 50 100
x [nm]

Fig. 3.5: Cross section of a unit cell in the Lumerical FDTD environment. For visual clarity, the symmetric
and antisymmetric setting was deactivated.

Additionally, the absorption spectra for hole arrays with different diameters are measured
with an microscopy setup for reflection measurements (see chapter 4). As the silver layer is
blocking the downpath, the absorption can simply be calculated from the reflection signal:
A=1-R.

Fig. 3.6a and b show the simulated and measured absorption spectra for the above described
structure for different hole diameters. The main feature of interest for both, simulated and
measured spectra is the SPP peak around 800 nm. Remarkably, the absorption amplitude
surpasses 80 % for most of the simulated and all measured spectra. The low thickness of the
gold film (/20 nm) supports a coupling of SPPs at its front and back side which strongly
enhances the absorption of light [26]. Moreover, an increase in hole diameter leads to a
redshift and broadening of the resonance due to enhanced coupling of dipole oscillations to
propagating SPPs [27]. For the simulated spectra, the SPP peak position redshifts by about
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50 nm for diameters increasing from 90 (dark purple line) to 150 nm (green line). In contrast
to this, the measured spectra show a redshift of 76 nm when increasing the hole diameter
from 97 (dark purple line) to 145 nm (green line). The mismatch between simulated and
measured spectra in resonance position and height can mainly be attributed to deviations
of the dielectric functions calculated with the Brendel-Bormann model. In particular, the
parameters used for the Brendel-Bormann model were determined with measurements on
bulk metals whereas thin films might exhibit different behavior. Another major influence
on the SPP resonance is displayed by the thickness of the approximately 20 nm thin gold
layer: A deviation of only two nanometer in thickness causes already a shift of about 15 nm
for a specific geometric configuration (see Fig. Sla). Thickness deviations of this magnitude
can be explained with the limited accuracy of the used thermal evaporation setup. Further
factors adding to the discrepancy between measurement and simulation might be the surface
roughness of the gold film and not perfectly circular holes in the fabricated samples (see Fig.
3.3).

The smaller peak width in the experiment in comparison to the FDTD simulations can
mainly be explained with the restrictions imposed by the numerical aperture (NA) of the
objective used for the measurements. An NA of 0.40 corresponds to a maximum collection
angle of 23.6° while in the simulations all scattered angles are collected.

a) 100— : : : : : b) 100

80 90 nm AR 1 80| - 97nm

601 60r

Abs [%]
|
Abs [%]

40t a0l

200 204 :
unperforated unperforated

gold gold

600 650 700 750 800 _ 850 _ 900 600 650 700 750 800 850 900
A [nm] A[nm]

Fig. 3.6: a) Simulated absorption spectra for hole arrays with hole diameters ranging from 90 to 150 nm
in steps of 5 nm b) Measured absorption spectra for hole arrays with hole diameters ranging from 97 to 145
nm (see Fig. 3.3c). The black lines represent the absorption of the unperforated gold film.

In order to further confirm the origin of the two characteristic absorption peaks, the electric
field intensity normalized to the injected wave is simulated for a cross section through the
structure. Fig. 3.7a shows a cross section perpendicular to the injected plane wave at a
wavelength of 660 nm. The highest electric field distribution can be found in the Al,O3 film.
This confirms that the observed absorption peak mainly stems from a Fabry-Pérot resonance
which is caused by multiple reflections at gold and silver surface. The resonance position is
mainly determined by the thickness of the Al,O3 layer. Another indication for this kind of
resonance is the fact that an unperforated gold film also shows high absorption at 660 nm
(black line, Fig. 3.6a and b).

15



The electric field intensity distribution at 825 nm, which is the spectral position of the second
peak, is shown in Fig. 3.7b. As can be seen from this cross section parallel to the injected
plane wave, a strong enhancement of the electric field intensity occurs at the edge of the hole
in the gold film.

a) A=660 nm EF/ES ) A=825 nm [E*/IE,?

8 100
50 40
6
. 30
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=200 0 =200 50 100 0
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-100 =50 0
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Fig. 3.7: Cross sections displaying the electric field intensity |E|? with respect to the initial field intensity
|Eg|? for a single unit cell of the plasmonic structure (hole diameter: 120 nm) a) electric field intensity for
A=660 nm perpendicular to the polarization of the injected plane wave b) electric field intensity for A=825
nm parallel the polarization of the injected plane wave. Note that the color scale in b) is saturated for
improved visibility.

3.3 Measure Plasmonic Shifts upon Applied Voltage

The voltage-dependent behavior of the SPP resonance in the nanohole arrays is charac-
terized with the opto-electronic setup which is described in chapter 4. For enhanced ca-
pacitance, a diethylmethyl(2-methoxyethyl)ammonium - bis(trifluoromethylsulfonyl)imide
(DEME-TFSI, purchased from Sigma Aldrich) ionic liquid is employed. The DEME ion
carries a positive charge whereas the TFSI ion carries a negative charge. Initial measure-
ments are performed to characterize the stability of the DEME-TFSI ionic liquid and to test
the electrical isolation of the 150 x 150 ym pads. By convention, a negative voltage charges
the plasmonic structure with electrons and a positive voltage depletes it of electrons. Fig.
3.8a shows the agglomerated DEME molecule on a contact pad after applying a voltage
more negative than -1 V. The TFSI molecule shows stable performance for voltages larger
than 2 V. These insights restrict the subsequent measurements for the characterization of
the SPP’s voltage dependence to the voltage range from -1 to 2 V. Another insight from
the local agglomeration of DEME in Fig. 3.8a is that the sample geometry as designed in
chapter 3.1 supports sufficient electric isolation between the gold and silver film and between
the contacted and surrounding gold. This is further supported by measured MS) resistances.
The voltage-dependent optical response of the plasmonic structure is then studied with volt-
age sweeps between -1 and 2 V (starting at 0.5 V, increments of 0.1 V, see chapter 4.1). For
different sweeps, the delay times are changed between 0.5 s and 15 s.
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Fig. 3.8: a) Agglomerated electrolyte after applying voltages being more negative than -1 V b) SPP
absorption peak at 0.5 and 2 V applied voltage and a delay time of 1 s. At 2 V, a distinct redshift as well
as a small reduction in amplitude and a strong broadening of the SPP resonance can be observed. After a
full cycle, the original peak position is retained (red line).

Fig. 3.8b displays the SPP peak at 0.5 V and 2 V bias. Changing the applied voltage from
0.5 V (blue line) to 2 V (green line) leads to a distinct and reversible redshift (see red line)
and broadening of the resonance.

For a more detailed investigation of the SPP resonance behavior, the peak position as a
function of applied voltage is determined from Lorentzian fits to the spectra in energy space
(see chapter 4.4). Fig. 3.9 displays the peak positions as a function of voltage for delay times
ranging from 0.5 s to 15 s. In the voltage range from -1 V to about 1.2 V, the resonance shows
a slight redshift of about 2.5 nm for voltages becoming more positive. Starting at about 1.2
V and reaching to 2 V, the resonance position redshifts significantly by over 10 nm. This
observation is in accordance with prior results which found that an onset of the DEME-
TFSI’s capacitance occurs between 1 and 1.5 V [28] and already suggests that the shift
might be largely caused by the plasmonic structure’s interplay with the ionic liquid. After
the maximum voltage is reached and the applied voltage reduces again, the SPP resonance
does not blue-shift immediately but rather shifts more to the red until about 0.5 V where
a significant blue-shift occurs. This hysteresis-like behavior can be observed throughout
all different delay times where longer delay times show this feature less pronounced. For
negative voltages, a hysteresis-like effect does not occur. Also, the maximum observed shift
at negative bias has only an amplitude of about 2 nm with respect to zero voltage.

Fig. 3.9 reveals that the redshift of the SPP resonance position is stronger for longer delay
times: While for 0.5 s delay time, the difference in peak position between -1 V and 2 V is
11.7 nm, it is 18.2 nm for 15 s delay time. This difference might be explained with a longer
settling time for the TFSI layer on the gold surface. Also the hysteresis-like effect reveals
a correlation with delay time: At longer delay times, the resonance blueshifts stronger for
voltages becoming more negative than for short delay times.
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Fig. 3.9: SPP peak positions as a function of applied voltage for delay times of a) 0.5s,b) 1s,¢) 2s,d) 5
s, €) 15 s. Blue dots indicate forward and red dots backward directions. The numbers in the bottom right
corners indicate the chronology in which measurements were taken and are featured in Fig. 3.11.

Another observation is the behavior of SPP peak width and amplitude as a function of
voltage. As for the peak position, a clear hysteresis-like behavior is detected. The peak
width is determined from the FWHM of the Lorentzian fit and shows a significant and
reversible broadening at more positive voltages. The detected difference in peak width
between -1 and 2 V is more than 0.03 eV (corresponds to more than 20 nm, Fig. 3.10a).
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Also, the peak amplitude, which corresponds to the maximum value of each Lorentzian fit
shows a hysteresis-like effect. Unlike resonance wavelength and width, the amplitude is
weakly decreasing for more positive voltages (Fig. 3.10b). Fig. 3.8 shows that the shift in
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Fig. 3.10: a) SPP peak width for voltages ranging from -1 V to 2 V b) relative SPP peak height for voltages

ranging from -1 V to 2 V. The time delay for a) and b) is 0.5 s. Blue dots indicate forward voltages and red
dots backward voltages.

SPP peak position is largely reversible. However, it does not state if the reversibility is also
given over several measurements. In order to assess this 'actual’ reversibility over several
cycles, the peak position at zero voltage in forward mode, meaning at the transition from
negative to positive voltage is monitored. This procedure excludes as much as possible the
influence of hysteresis-like effects. Fig. 3.11 displays the peak position at zero voltage against
measurement number and exhibits a slight redshift of about 3 nm over 17 measurements.
This behavior could hint at a continuous change of the plasmonic structure, for instance by
gradual permanent deposition of TFSI molecules to the gold surface. Remarkably, there is
a stronger redshift at measurements 4, 5 and 6 which vanishes with measurement 7. This
could be explained with chemisorbed TFSI molecules which randomly detached from the
surface between measurement 6 and 7. After this, the general trend of a continuous redshift
proceeds. However, to confirm this observation, more measurements are necessary.
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Fig. 3.11: Evolution of SPP peak position throughout multiple measurements. Every data point corresponds
to the peak position at 0 V and a transition from negative to positive voltage.

3.4 Modelling Voltage-Induced Plasmonic Resonance
Shifts

In the previous section, we reported measured shifts of the SPP resonance as large as 18
nm. Here, we try to deconvolute the contributions of different effects to those shifts. To do
so, the electrical properties of the structure and the electrolyte are measured and used to
model the SPP response with FDTD simulations. Based on the strong response at positive
bias, only the negatively charged TFSI molecule will be considered to understand the optical
response of the electron-depleted gold.

The key property of ionic liquids is that the charge-carrying molecules constitute an electric
double layer which can be interpreted as a nanoscaled parallel plate capacitor [29]. However,
next to this electrostatic contribution to the plasmonic structure’s capacitance, another ef-
fect - chemisorption of the molecule to the surface - can occur. For DEME-TFSI ionic liquid
and DC voltages, it was found that the pseudocapacitance due to ions chemisorbed to the
electrode is dominant (about 75%) over the capacitance constituted by the electric double
layer (about 25%) [28]. This chemisorption does not occur for AC frequencies above 1 Hz.
Based on these findings, we attempt to differentiate between the two contributions by mea-
suring the capacitance in both, AC and DC mode.

3.4.1 Influence of Altered Charge Density in Gold-EDL

In order to only model the contribution of the electrostatic double layer which is formed by
the TFSI ions, we estimate the EDL capacitance with alternating current (AC) sweeps at 1
V. For this, a Keysight E4990A Impedance Analyzer is used and set to frequencies ranging
from 20 Hz to 1 kHz (Fig. 3.12b). As the samples have a size of only 150 x 150 um, the
influence of the capacitor leakage current and its associated capacitance has to be taken
into account by measuring the capacitance with one probe placed in the ionic liquid but not
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contacting the sample (Fig. 3.12c¢). The difference in specific capacitance is shown in Fig.
3.12a and reveals the characteristic behavior of a strongly decreasing capacitance at higher
frequencies [28].
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Fig. 3.12: a) Specific capacitance of sample for different frequencies, measured at 1 V. b) measurement in
contact mode c) measurement in non-contact mode

In order to understand how charge density alterations in the gold film affect the SPP res-
onance, we use a Brendel-Bormann model [8] to calculate the altered dielectric function of
gold (Eq. 2.6). Modelling of the dielectric function of gold is based on a six-oscillator model
and its corresponding parameters (see Table S1) as found by Rakic et al. [7].

To model the change in charge density, the plasma frequency is adjusted with an altered
charge density. Any effects that go beyond this classical physics approach, such as changes
in the electron wavefunctions are neglected. This strategy has proven to be viable for similiar
configurations before [17,21,30].

1.2 /
/ n'e n
w, = = —w? (3.1)
m*eq ng

Here, n’ is calculated from an extrapolation of the specific capacitance measured at 1 V (see
Fig. 3.12a) and ny is the charge density of uncharged, bulk gold (5.9 x 10**m~3). On basis of
the calculated relative change in charge density n’/ng (Table S2), the real and imaginary part
(€, and ) of the dielectric function can be recalculated and fed into the FDTD simulations.
As metals do not exhibit an extended space charge layer but concentrate all free charges
on their surface [31], we attempt to take this effect into account for our model. The first
model that we apply is assuming a 0.5 nm thick layer with altered dielectric functions (see
Fig. 3.13a). This accounts for the fact that free charges accumulate in one or two single
atomic layers [32]. In the second model, we consider a 5 nm thick layer (Fig. 3.13b) of altered
charge density to verify the procedure [21]. The benefit of a 5 nm thick layer of altered charge
density is that the relative change in charge density (2.1 %) is smaller than for the case of
a 0.5 nm thick layer (21.2 %). The recalculated dielectric functions of gold are displayed
in Fig. 3.13c and d. It can be seen that the perturbation of the gold’s dielectric functions
is weaker in the case of a 5 nm thick layer. Moreover, the minimum mesh size around the
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charge layer which is used in the simulation is larger and thereby more trustworthy (0.2 nm
instead of 0.05 nm in z-direction). The simulated shift of the SPP peak position for a 0.5
nm and a 5 nm thick layer of altered charge density is shown in Fig. 3.13e. Both models
yield approximately the same result and predict a maximum shift of about 1.7 nm at 2 V.
Due to this result, we will only consider the model with a 5 nm thick layer in the following.
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Fig. 3.13: a), b) Schematic cross sections of the FDTD environment around the gold layer for a 0.5 nm and
5 nm thick layer (orange) of altered charge density, respectively c) altered dielectric function for a 0.5 nm
thick layer of altered charge density with n’/ng ratios varying from 1.000-0.788 d) altered dielectric function
for a 5 nm thick layer of altered charge density with n’/ng ratios varying from 1.000-0.979 e) simulated peak
positions for 0.5 nm (blue) and 5 nm (red) layer of altered charge density, simulated with the dielectric
functions from c) and d), respectively.

3.4.2 Influence of Refractive Index Change in Ionic Liquid

When the ionic liquid contributes capacitance to the gold film, this means that the charged
molecules in the liquid assemble close to the sample’s surface and thereby also change the re-
fractive index in its vicinity. This behavior of ionic liquids can be described with a Helmholtz
double layer model [33] which assumes that all charged molecules essentially form a parallel
plate capacitor with a thickness of molecular dimensions with the metal surface.
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Based on this model, we assume that the refractive index of the ionic liquid is only altered
within the Helmholtz double layer (see inset of Fig. 3.15a). This refractive index change
can be estimated with the Lorentz-Lorentz equation which expresses the refractive index as
a function of molecular polarizabilities a; and number densities n; (Eq. 2.11).

To do so, the molecular polarizability of TFSI (see Fig.3.14a) molecules is determined
according to the method of Kang and Jhon [15], using the parameters found by Miller
(Fig.3.14a) [34]. This method is based on the additivity of atomic hybrid polarizabilities of
single atoms to a molecular polarizability. For the TFSI molecule, this yields a molecular
polarizability of arps = 13.2A°. As the TFSI molecule in the case of the ionic liquid is
negatively charged, the actual polarizability is expected to be even higher. This will not be
further considered.
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Fig. 3.14: a) Chemical structure of bis(trifluoromethylsulfonyl)imide (TFSI) molecule with negatively
charged nitrogen atom in the center b) molecular polarizabilities of the separate atoms and total molecular
polarizability of TFSI molecule according to [34]

Based on the assumption that every TFSI molecule carries one charge carrier, the number
of TFSI molecules needed for the specific capacitances (see Table S3) can be calculated

Cs-U

NTFSI = (32)
Assuming that all these molecules are in a double layer with a thickness of 8 nm, which
corresponds to the average height of a TFSI molecule [35], the areal number density of TFSI
is

NTFSI (3 3)

8nm

Nnrrsr =

From the number density of water (ng,o0 = 33.3 - 10*” m™3), the number of water molecules
contained by a volume of 8 nm thick layer can be calculated. Based on the van der Waals

volume of TFSI (156.7A3 [36]) and water (19.5A3 [35]), the new number density of HyO
molecules in the 8 nm layer can be estimated as

VTFSI

Di,0 = NH0 — " NTFSI (3.4)

Vi,0
The calculated refractive index as a function of voltage is implemented in the FDTD sim-
ulations. From this, the Fig. 3.15a shows the simulated change in SPP peak position as a
function of voltage for altered refractive index near the surface of the gold film. It indicates
that the altered refractive index near the surface contributes about 0.7 nm to the observed
shift.
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Fig. 3.15: a) Simulated peak positions for a 8 nm thick layer of enhanced refractive index b) simulated
peak positions for a 8 nm thick layer of enhanced refractive index and altered charge density in a 5 nm thick
layer. Insets: schematic cross sections of the FDTD environment for a) and b), respectively.

In the next step, the combined influence of altered dielectric function in the gold layer and
the change in refractive index in the ionic liquid is modeled in FDTD (see inset of Fig. 3.15b)
and the result is shown in Fig. 3.15b. The predicted shift due to the electrostatic double
layer of TFSI is 2.3 nm. This means that about two thirds of the shift are due to altered
charge density and about one third is due to altered refractive index. Adding up the sole
contributions of these two effects leads to a slight overestimation of the total shift.

3.4.3 Influence of Chemisorption

The second main contribution to the measured shift of the SPP resonance stems from the
pseudocapacitance of a TFSI layer which is adsorbed onto the gold surface. In order to
estimate the amplitude of this effect, we follow a similar route as in chapter 3.4.1 and
3.4.2. The capacitance of the parallel-plate capacitor in connection with the DEME-TFSI
electrolyte was again measured with a Keysight E4990A Impedance Analyzer. This time,
a DC bias sweep from -1 V to 2 V in 50 mV increments (20 Hz, 5 mV) was performed
to determine the specific capacitance of a 150 x 150 um field on the sample. Again, the
specific capacitance of the open circuit is used to take into account the leakage current.
In Fig. 3.16a it can be seen that the specific capacitance strongly increases for positive
voltages to a maximum value of 429 uF/cm?. In this configuration, the gold film is on a
positive potential and the TFSI molecule contributes to the capacitance. The strong increase
of specific capacitance at 1 V corresponds well with the optical measurements in which a
strong change in peak position and shift occurred for voltages above 1.2 V (see Fig. 3.9
and 3.10). The unexpected decrease of specific capacitance between 1.7 and 2 V shows the
limitations of this measurement approach which possibly arise from the fact that the leakage
currents in contact and non-contact mode are dominant over the capacitance of the device.
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Fig. 3.16: a) DC specific capacitance of sample, corrected for leakage current b) simulated peak positions
for charge 5 nm (red) and 20 nm (blue) layer of altered charge density c) simulated peak positions for a 16
nm thick layer of enhanced refractive index d) simulated peak position for a 16 nm thick layer of enhanced
refractive index and altered charge density in a 5 nm thick layer. The insets depict the respective simulation
environments in FDTD.

Analogously to the procedure in chapter 3.4.1, the altered charge density in the gold film is
calculated (see Table S4). The charge corresponding to the highest measured capacitance
surpasses the intrinsic charge in a gold layer of 0.5 nm thickness. Therefore, we adjust the
model and only consider a 5 nm thick layer of altered charge density (see inset of Fig. 3.16b).
The simulated shift of the peak position from voltages changing from 0 to 2 V are displayed
in Fig. 3.16b: As expected from the strongly enhanced (pseudo-) capacitance, the shift is
much stronger and amounts to about 12.5 nm between 0 and 1.75 V.

Just as for the charge density, we follow the same procedure for the influence of altered
refractive index of the ionic liquid in the vicinity of the gold layer (compare chapter 3.4.2).
Due to the higher capacitance, we assume that the TFSI molecules assemble in a 16 nm
instead of a 8 nm thick layer at the surface (see inset of Fig. 3.16¢). With this model, this
layer will not be completely depleted of HoO molecules but by more than two thirds at the
highest capacitance (see Table S5). The resulting change in peak positions in dependence of
applied voltage is depicted in Fig. 3.16¢ and predicts a contribution of about 4.5 nm to the
shift.

The combined influence of altered charge density and refractive index near the surface is
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shown in Fig. 3.16d and yields a maximum shift of 15.5 nm. As for the simulations for the
electrostatic double layer in chapter 3.4.1 and 3.4.2, the combined effect is slightly smaller
than the sum of the contributions of refractive index change near the surface and change of
charge density in the gold.

While our model reproduces the observed shifts of the SPP resonance well, the peak broad-
ening cannot be observed. In contrast, even a trend of slight decrease in peak width is
simulated for more positive voltages (see Fig. 3.17a). Also, the simulations yield a slight
increase in peak amplitude for higher voltages (See Fig. 3.17b). This is again in contrast to
slightly decreasing amplitudes in the measurements.
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Fig. 3.17: a) Simulated change in peak width and b) peak amplitude as a function of voltage for changed
refractive index in the ionic liquid and altered charge density in a 5 nm gold layer (see inset of Fig. 3.16d).
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3.5 Discussion

The observed shifts of the SPP resonance wavelength are to our knowledge the first demon-
stration of charge-induced plasmon resonance manipulation in a continuous metal film and
not in nanoparticles. The magnitude of the measured shifts, which reaches 18.2 nm, is about
the same as the maximum shift that was observed for silver nanoparticles in a cationic poly-
mer matrix [18]. Electrochemical characterization of the interplay between gold film and
ionic liquid suggest that two processes, a fast electrostatic double layer formation and a slow
chemisorption of ions to the surface are responsible for the structure’s voltage-dependent
optical response. When including the measured capacitances in FDTD simulations, the am-
plitude of the measured shifts can qualitatively be confirmed: In our model, an electrostatic
double layer forming at the gold surface predicts a shift of about 2.5 nm of which about
two thirds can be attributed to a change in the gold’s charge density and to one third to
a local change of the ionic liquid’s refractive index. The main contribution to the observed
shift stems from the pseudocapacitance provided by TFSI molecules which are chemisorbed
to the gold surface and donate their ionic electron. The onset of a strong increase of the
specific capacitance due to chemisorption at about 1 V corresponds well with the strong shift
of the SPP resonance for voltages above 1.2 V. The observed chemisorption behavior is in
accordance with prior studies on the TFSI molecule [28].

The accuracy of our model is mainly limited by the quality of capacitance measurements
which are dominated by the contributions of leakage currents. Another uncertainty stems
from the models which are employed for the alteration of the refractive index in the ionic
liquid and of the gold’s dielectric function. In reality, the accumulation of ions near a metal’s
surface can rather be described with a combination of the compact Helmholtz-layer and a
diffuse layer extending over several tens of A (Gouy-Chapman-Stern model) [33]. More-
over, the Lorentz-Lorenz equation which was used to describe the optical response of the
ionic liquid only calculates the real but not the imaginary part of the refractive index. This
means that possible absorption processes in the ionic liquid are not taken into account in
the simulations.

The Brendel-Bormann model which is used to describe the gold’s dielectric function is based
on a fit to dielectric data obtained from bulk gold and not exactly from a ultrathin film of
only 20 nm thickness. Although it is possible to fabricate ultrathin gold films with the same
optical properties as bulk gold [9], there still might be some deviations. Moreover, the as-
sumption of altered charge density displaying the sole contribution to the change of dielectric
function does not consider any changes of the damping constant and in the gold’s electronic
structure. As the damping constant is dependent on the lifetime of electron-electron inter-
actions, it is likely that charge density variations also change the damping constant.

Also the fact that our FDTD simulations predict a reduction of peak width for more posi-
tive voltages instead of the measured increase of about 20 nm suggests that changes in the
damping constant should be taken into account. Also for the peak amplitude, simulations
predict a slight increase which is in opposition to the experimental data. A possible route to
model the peak broadening and amplitude decrease could be to adjust the damping param-
eter in the Brendel-Bormann model. It can be assumed that the electron-electron scattering
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is dependent on charge density [37]. One could account for this by introducing an additional
damping term T'yjer(n) to the damping constant such that

P/ = FQ -+ Talter(n) (35)

However, it would be difficult to estimate I'yjer(n) from measurements. One could rather
try to optimize this parameter such that the desired result occurs [17].

Another effect which could contribute to the broadening of the resonance peak could be
adsorbate damping due to unoccupied states in the TFSI molecule. These states, which are
located above the Fermi level of metals can be occupied and thereby reduce the absorption
amplitude and broaden the resonance [38]. However, this effect is not further investigated
in our study.

We attribute the observed hysteresis effect with its strong time-dependence to the delayed
detaching of TFSI molecules from the surface. Unlike in a similar study which employed a
NaCl-based electrolyte [21], we are not able to observe a quasi-vanishing of the hysteresis
effect for slower cycling. A possible explanation for this could be that the comparably high
mass of TFSI molecules inhibits the detachment from the surface.

3.6 Conclusions

We successfully fabricated a plasmonic structure featuring nanoholes in an ultrathin gold
film. By stacking this film onto Al,O3 and silver backmirror, the absorption properties can
be greatly improved and a platform for electrical measurements is created. Subsequently,
optical measurements and FDTD simulations are employed to study the dependence of the
SPP resonance on geometric properties such as hole diameter, pitch and thickness of AlyO3
and gold layers. Measured and simulated spectra show good agreement with respect to am-
plitude, shape and spectral position of the SPP and Fabry-Peérot resonance.

In a next step, opto-electrical measurements were performed to characterize the dependence
of the SPP resonance on applied voltages. The response is enhanced by employing an ionic
liquid which increases the structure’s capacitance. In dependence of the delay time between
voltage change and recording of the spectrum, reversible shifts of the SPP resonance ranging
from 11.7 to 18.2 nm can be observed. Moreover, a distinct broadening and a weak ampli-
tude decrease of the SPP resonance can be observed for higher voltages.

On basis of frequency-dependent capacitance measurements, we recalculated the dielectric
function of gold and the refractive index in the ionic liquid. Subsequent FDTD simulations,
which incorporated these altered properties enabled us to quantitatively reproduce the mea-
sured shifts of the SPP resonance.

We find that the chemisorption and its associated pseudocapacitance are the main contrib-
utor to the observed tuning effect. The influence of the electrostatic double layer of ionic
molecules in contrast is only noticeable as the weak shift for voltages below the onset of
chemisorption at 1.2 V. From the disentangled effects of altered charge density in the gold
and a changed refractive index of the ionic liquid, we determine that the former contributes
about three quarters and the latter about one quarter to the observed shifts.

The simulated trends for SPP resonance width and amplitude are opposite to the experi-
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mental results but are likely to be reproduced by adjusting the electrons’ damping constant
to the reduced charge density.

3.7 Outlook

Our study shows that for a full comprehension of a plasmon’s response to externally applied
potentials also the changes in the local refrative index have to be taken into account. These
insights might help to better understand plasmonic sensors measuring adsorption events.
Moreover, the investigated structure with its strong absorption in a limited bandwidth could
enable the construction of tuneable notch filters.

A general limitation of the investigated experimental system is that it is mostly suitable
for DC measurements because of the strong frequency-dependence of the TFSI’s behavior.
Moreover, the amplitude of the observed SPP resonance shift largely relies on the pseudo-
capacitance of chemisorbed ionic molecules. A possible route to overcome these problems
could be to employ another kind of ionic liquid which can supply considerable electrostatic
capacitance at higher frequencies. For a more stable experimental system, one could even
consider ionic gels. Such gels typically consist of a mixture of ionic liquid with a polymer
and were shown to have specific capacitances of about 10 uF/cm? at kHz frequencies [39)].
For a more accurate measurement of the SPP resonance position as a function of altered
metal charge density it would be worth to consider an experimental design which works
without any kind of electrochemical capacitance enhancement. This has the benefit that one
does not have to deal with the coupled effect of refractive index change in the metal’s vicinity
and dielectric function change in the metal. In this case, the only capacitance would stem
from the parallel plate capacitor which is constituted by the Au — Al,O3 — Ag-layer struc-
ture which amounts to only 0.05 uF/cm?. A way to measure the effect of the minute charge
deviations which can be realized with such a parallel plate capacitor architecture could be to
carry out an AC experiment where the optical response is coupled to an oscillating voltage
via a lock-in amplifier. The high sensitivity of lock-in amplifiers could even make the optical
detection of single electrons possible.

Another option to electrically tune the SPP resonance could be to take advantage of the
electro-optic effect. This effect describes the change of refractive index in a dielectric upon
applying strong electric fields. A possible realization would be to replace the Al;Os-layer
with a transparent material which supports the electro-optic effect [40]. A candidate for this
could be lithium niobate which has been shown to exhibit strong electro-optic alterations of
refractive index [41].
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Chapter 4

Building an Opto-Electronic
Microscope

Experimentally detecting charge-induced changes of the SPP resonance position demands
for an optical microscopy setup which allows to measure the plasmonic structure’s optical
response in dependence of applied voltages. For this reason, an opto-electronical setup is
built. Fig. 4.1 is a photograph of the setup and Fig. 4.2 displays the setup schematically.
Optical measurements are performed using the light of a supercontinuum laser (Fianium)
whose light beam is targeted onto an angled glass plate to strongly reduce the intensity by
using only the reflection (about 4%) in the further beam pass. To attenuate the beam power
even more, neutral density filters are employed so that the final beam power reaching the
sample is about 400 nW.

In order to reach a near-to diffraction limited spot, the back-aperture of the objective has to
be filled by the beam as much as possible. This is achieved by expanding the laser beam with
two achromatic lenses which are built in a Keplerian telescope configuration. For magnifying
purposes, the first lens L1 has a smaller focal length (10 mm) than the second one (L2, 80
mm). The ratio of the focal lengths determines the magnification of the telescope and is
for the chosen set of lenses 80mm/10mm=8. For a parallel beam, the distance between the
lenses has to be chosen such that it is the sum of their focal lengths, namely 90 mm. An iris
diaphragm ID between the lenses is used to cut off non-symmetrical parts of the beam.
Because of the liquid electrolyte used in the experiments, the objective has to be mounted
vertically and hence the beam passes a periscope before going through the objective. The
mirrors M4-M6 in this periscope have to be adjusted such that the beam hits the the back
aperture of the objective perpendicularly.

For focusing the light onto the sample, a 20x objective (Mitutoyo, WD=20 mm, NA=0.40,
infinity-corrected) which is optimized for the near-infrared is used. Its long working distance
allows to apply ionic liquid and place electrical probes on the sample. The reflected signal
is passed through a pellicle beamsplitter (PBS, 700-900 nm, 45:55 (R:T)) and a 200 mm
achromatic lens which focuses onto an 105 um core fiber connected to a spectrometer (PI
Acton SpectraPro 2300i). The benefit of using a pellicle beam splitter is that unlike the
cube version, it does not show ghost reflections.

Imaging of the sample is achieved by illuminating the sample with a broadband LED which is
coupled into the beampath with a cube beamsplitter (CBS, 700-1100 nm, 50:50 (R:T')). For

31



reasons of visual clarity, the LED beam is not coupled into the beampath. Switching between
spectroscopy mode and imaging mode is achieved with a mirror on a flip mount (M1) which
projects the reflected image onto a CMOS sensor (Thorlabs DCC1645C). The mirrors M1 and
M2 can be used to adjust the beam position on CMOS sensor and spectrometer, respectively.

Fig. 4.1: Photograph of the setup. The orange line represents the probe beam of the laser and the red
line the beam reflected off the sample. Schematic of the opto-electronic setup that is used for sample
characterization. The key elements are labeled: L1 and L2 are the lenses constituting the beam-expanding
telescope; the iris diaphragm ID cuts off non-symmetrical parts of the beam; L3 is the lens focusing onto
either the CMOS-camera (with mirror M1) or the spectrometer (with mirror M2); a cube beamsplitter
(CBS) is used to couple the LED light into the beam path (not displayed for visual clarity) and a pellicle
beamspitter (PBS) which divides between probe and detection beam path. M3-M6 are steering mirrors. The
dotted orange lines behind M1 indicate imaging and spectroscopy mode, respectively.

The sample is placed on a xyz-translation stage which supports 8 mm travel in either di-
mension with an accuracy of 1 ym.

Electrical contact to the sample is made via 7 um tungsten probes (American Probe & Tech-
nologies) connected to a source measure unit (Keithley 2612) which can be used to apply a
potential to the sample.

The ground probe (connecting to silver backmirror) rests on the sample stage whereas the
second probe which contacts single devices is on a second xyz-translation stage (see Fig.
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4.4). This has the merit that the probe can be positioned relative to the objective and thus
does not need any more lateral adjustments.

Top View

LED
o
k=3
m
2
V E‘
m
CBS
Source
Measure Unit
> | 2 CMOS
—_—— |D
-y L

Spectrometer

Supercontinuum
Laser

Fig. 4.2: Schematic of the opto-electronic setup that is used for sample characterization. The orange line
represents the probe beam of the laser and the red line the beam reflected off the sample. The key optical
elements are labeled: L1 and L2 are the lenses constituting the beam-expanding telescope; the iris diaphragm
ID cuts off non-symmetrical parts of the beam; L3 is the lens focusing onto either the CMOS-camera (with
mirror M1) or the spectrometer (with mirror M2); a cube beamsplitter (CBS) is used to couple the LED
light into the beam path (not displayed for visual clarity) and a pellicle beamspitter (PBS) which divides
between probe and detection beam path. M3-M6 are steering mirrors. The dotted orange lines behind M1

indicate imaging and spectroscopy mode, respectively.
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4.1 Software

Measurements are undertaken with a home-built software which controls the spectrometer
as well as the source measure unit. A basic measurement, which is schematically displayed
in Fig. 4.3, assembles of a loop from a start voltage to a maximum voltage back over the
start voltage to a minimum voltage and then finishing at the start voltage. The voltage
increment AV can be chosen as well as the number of measurement cycles that are recorded.
In a next step, a time delay tq between altering the voltage and taking the spectrum can be
chosen. The settings for recording the spectrum are implemented via a software interface to
WinSpec, the default measurement software for PI Acton spectrometers. Most importantly,
the shutter setting, region of interest (ROI) and exposure time tey, can be chosen.

A .

\'/

Spectrometer

\ 4 t i

d exp

Fig. 4.3: Schematic of a chronological sequence during a standard measurement performed with the opto-
electronic setup. The upper half space displays the voltage as it is gradually changed in increments of
AV. The lower half space displays the status of the spectrometer with orange standing for exposure with a
duration of tex, and white for no exposure. tq is the delay time between voltage change and opening of the
spectrometer shutter.

4.2 Performing Measurements with the Setup

The first step in running measurements with the setup is to take a reference measurement,
preferably on silicon. Then, the samples which were described in chapter 3.1 can be placed
under the objective. When it is ensured that the lateral travel of the translation stage is
sufficient to reach all devices on the sample, the sample is fixed to the translation stage
with adhesive tape. After the sample is brought to focus, a pipette can be used to apply
the ionic liquid, if necessary. Subsequently a hole array is parked under the laser spot and
electrical contact can be made with the device: For that, one of the probes (Probe I, Fig.
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4.4) is connected to the silver backmirror by scratching on the margin of the sample. The
second probe (Probe II, Fig. 4.4) demands for a more precise positioning which is achieved
by locating it in the field of view. Subsequently, the probe can be lowered to the sample
with the z-actuator of the probe-stage. Contact to the gold is reached when the probe’s apex
reaches focus. By monitoring the resistance between the probes, it can be ensured that the
sample is not shorted.

For all measurements described in this thesis, the 150/800 nm blazed grating was selected
and set to 800 nm center wavelength. Moreover, the exposure time of the spectrometer was
set to 0.2 s.

*o win
.49

Objective

Fig. 4.4: Photograph of the setup during a measurement: Probe I contacts the Ag backmirror and has a
fixed position relative to the sample. Probe II is positioned on a separate translation stage which allows a
fixed position relative to the objective. This probe is lowered to contact the gold.

4.3 Characterization of the Setup

The measured intensity on the spectrometer depends on how much the sample is in the focus
of the objective. Another parameter which might deteriorate the quality of measurements
is the alignment of the mirrors in the periscope. If these mirrors are not aligned such that
the beam traverses the back aperture of the objective perpendicularly, the reflected signal
moves over the fiber of the spectrometer as the objective-sample distance is changed. The
influence of these convoluted effects can be estimated by comparison of the measured signal
in dependence of sample height. For this, the signal reflected from a silicon substrate is
investigated. Fig. 4.5a shows the relative deviation in measured intensity I as a function
of wavelength for measurements taken with +2 um height alteration of the sample from the
maximum signal intensity. oI is on average below 2 % in the region of main interest between
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700 and 900 nm which is acceptable for the kind of measurements that are performed with
the setup. Fig. 4.5b-d show micrographs of the laser spot on the silicon substrate for different
heights. As it can be seen, the spot shape and position on the sample does not greatly change
for the different heights.

8
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Fig. 4.5: a) Relative change in measured intensity for deviations of 2 ym from ideal focus b-d) micrographs
of the laser spot on for deviations from the focus of +2, 0 and -2 ym. For visual clarity, cross-hairs are added.

4.4 Data Processing

The data evaluation to determine the shifts of the SPP resonance at different voltages is
performed with a home-built Python program which automatizes the evaluation of a specific
measurement, cycle.

Fig. 4.6 shows the user interface of the software which was developed with the PyQt4 library
[42]. In general, the software is programmed such that it can be used for the evaluation of
plasmonic resonant shifts upon applied voltages (as shown in Fig. 4.6) or to evaluate batches
of simple reflection measurements (will not be explained further). The first evaluation step
is to define whether or not the reference data has to be normalized by the reflectivity of
silicon or silver. Then, the measured data comprising of the sample’s reflection data (’Load
Raw Data’-button), the background signal and reference data can be loaded with the 'Data
Load Buttons’. The software will automatically load the log file which is associated with
the measurement and show parameters such as minimum and maximum voltage, number
of spectra or delay time in the Parameter Overview. These parameters will be used in the
further evaluation to label the generated plots. The 'make Spectrum Plot’-button and the
‘'make Ref Data Plot’-button can be used to plot the unprocessed raw data. The result
viewer allows to examine evaluated plots which can be selected from the 'result overview’
tabs.
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Fig. 4.6: User interface of the Python programme which is used for data analysis.

The actual evaluation of data starts with calculating the absorption spectra and generating
absorption plots. The absorption spectrum Absga(A) of a hole array is determined by
considering the reflected signal Iya () (Fig. 4.7a, blue line) on the hole array and a reference
signal L () either from the pristine gold film next to the hole array or from a silicon sample
(Fig. 4.7a, green line) as well as the background spectrum Ipg(A) of the spectrometer. The
absorption is then calculated according to
Tna(A) — Ing(A)

Absyga (M) Lt (V) — T, (V) (4.1)
An exemplary absorption spectrum of a hole array is shown in Fig. 4.7b for normalization
with the unperforated gold film. The distinct peak at about 810 nm can be attributed to the
SPP resonance whereas the peak at around 650 nm can be explained with a small mismatch
in the fabry resonance absorption in the pristine and perforated gold film and the noisy
signal at the margins are due to low signal-to-noise ratios.
In a further step, the absorption spectrum is converted from wavelength to energy space
and a Lorentzian function (Eq. 4.2) is least-square fitted to the peak in order to detect
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parameters such as peak position, relative peak height and peak width (Fig. 4.7c). Here,
I' denotes the peak width, Ey the peak position and A is the amplitude parameter. The
number of considered data points can be selected in the software. For an optimal fit, the
software makes sure that the data points are equally distributed around the peak (see Fig.
4.7c, blue crosses) before it performs the fit. In case that there are data points which exceed
the amplitude of the SPP resonance, it is possible to restrict the fit range with the spin boxes
under the ’search Peak Pos’-button.

r

LB = T E—mr T Ay

A
— (4.2)
s

This procedure is performed for all spectra of a dataset so that the peak parameters can be

extracted as a function of applied voltage. Fig. 4.7 displays exemplary plots of peak position
(d), peak width (e) and maximum absorption (f) as a function of voltage.

38



a) Raw Spectrum and Reference Spectrum for 1=275 b) Absorption Spectrum for |=275
05V->20V->05V->-1.0V->0.5Vsweep 05V->20V->05V->-1.0V->0.5Vsweep
10000 |n 0.1V steps | time delay 0.5 s | U=0.5 V % 100 in 0.1V stgps | time ‘delay=0.5‘s | U=0.5‘V %
== on hole array (- background 5 5
= normalized reference data)‘ 8 g
8000 3 i
z 80r 1z
B z
6000 ) :
2 ig o
g Z O z
4000 S B 3
S ig
# 53 a0t 13
5§ O §
2000 5 < 5
g 20
0 g g
_2000 L L L L L g L L L L L
600 700 800 900 1000 00 600 700 800 900 1000 1100
A [nm] A [nm]
c) Absorptlon Spectrum of Considered Data and Fit for 1=275 d) Peak Positions for 1=275
05V->20V->0.5V->-1.0V-> 0.5V sweep 05V->20V->05V->-1.0V- >05szeep|n01Vsteps
100 |n01Vsteps|t|me delay 055| U=0.5V g tlme delay 055 g
R *099362‘ fﬁ forward ) eo® o oo g
) ki backward e ° g
u 8241 ° ol
80 S o g
L 13 ° A I
1 — 822} e 17
£ E o ° g
i i
< —_ e 3
S 60l 13 'C 820/ o o 13
= 2 2 2
o E B e ° g
° 2 o 2
b £ o 818} 18
o) g g
< 40r 1z ~ ° L4 2
¢ O 816l . 15
H o ° z
£ ® e £
<' o <
a IE 814 . o°°° 13
g ® e3¢ 2
e o ’
812 e80gBevec’ ]
(f.o 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
E [eV] U [V]
Peak Width for 1=275 f Maximum Absorption for 1=275
e) 05V->20V->05V->-10V->05V ) 05V->20V->05V->-1.0V->05V
sweep in 0.1 V steps | time delay=0.5 s 2 sweep in 0.1 V steps | time delay=0.5 s g
orward % Q99,54 forward %
0.291 backward % backwar %
S 3
o.O°........ g < ;“
—0.28 oo 0 18 Bggples®g8glee e . 0 e
=S ° R — 99.0- §°e 0e®e® e : e © 1%
() ° e 3 c ° e 04 o
— 2 o ] 2
E e [ ] L] g 45- L [ ] ° §
ko] e E = ee z
= 0.27; ° 13 2
= . . i3 °e %o
™) ° ° g £ 98,50 o o ° 18
© ° B < e o ° ¢
v ° o0 % X e®e e %
& 0.26/ . o %o 1§ = ®e e0g0, °|;
oo 0e0°°®c0° g = ° e i
T HHLLY : .
g 98.0r 18
0.25¢ ' E
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
U [V] U V]

Fig. 4.7:

a) Exemplary raw spectra on hole array and pristine gold film, both corrected for the background,
b) relative absorption spectrum of the hole array, calculated according to eq.

(4.1) and smoothed with

Savitzky-Golay filter, ¢) Lorentzian fit (green line) to absorption spectrum in energy space (blue crosses).
The inset displays the obtained fit parameters of the Lorentzian function d)-e) Exemplary plots of readily
evaluated data: d) Peak Position vs. Applied Voltage, e) Peak Width vs. Applied Voltage, f) Maximum

Absorption vs. Applied Voltage
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Chapter 5

Supplementary Information

5.1 Dependence of SPP Resonance on Gold Thickness

The dependence of characteristic SPP parameters on the thickness of the gold film is modeled
with FDTD simulations. Fig. S1 shows the peak position (a), peak width (b) and peak
amplitude (c) as a funciton of hole diameter for gold thicknesses of 20, 22 and 24 nm. The
peak position is very sensitive to the thickness of the gold film and changes by about 15 nm
for a thickness difference of 2 nm. In contrast to this, the thickness dependence is weaker

for peak width and amplitude.
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Fig. S1: Simulated influence of differently thick gold layers on a) peak position, b) peak width and c) peak

amplitude.
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5.2 Brendel-Bormann Model

Table S1 lists the Brendel-Bormann parameters of gold as determined by Rakic et al. [7].

] f; I; W 0j
[eV] [eV]
01l 0.770 | 0.050 - -
11 0.054 | 0.074 | 0.218 | 0.742
211 0.050 | 0.035 | 2.885 | 0.349
31 0.312 | 0.083 | 4.069 | 0.830
41 0.719 | 0.125 | 6.137 | 1.246
51 1.648 | 0.179 | 27.970 | 1.795

wp=9.03 eV

Table S1: Brendel-Bormann parameters for gold as found by Rakic et al. [7]

5.3 Calculated Relative Changes in Charge Density
and Refractive Index

This chapter comprises of a tabular overview of the calculated changes in relative charge
density and refractive index. These values are the basis for the FDTD simulations whose
results are displayed and discussed in chapter 3.4.1-3.4.3.

5.3.1 Electric Double Layer Capacitance

Table S2 contains the calculated relative change in charge density for the case of an electro-
static double layer. The layer thicknesses for which this is calculated are 0.5 and 5 nm.

U C Q Darea N5nm n,/ﬂo 1g.5nm n//l’lo
V] [pF/cm? [C/m?] [x10" m~2] || [x10%7] [x107]
0.00 0.00 0.00 0.000 0.00  1.000 || 0.000  1.000
0.25 6.25 0.02 0.098 0.020  1.000 || 0.195 0.997
0.50 12.50 0.06 0.390 0.078  0.999 0.78  0.987
0.75 18.75 0.14 0.878 0.176  0.997 1.76 ~ 0.970
1.00 25.00 0.25 1.560 0.312  0.995 3.12  0.947
1.25 31.25 0.39 2.440 0.488  0.992 488 0917
1.50 37.50 0.56 3.510 0.702  0.988 7.02  0.881
1.75  43.75 0.77 4.780 0.956  0.984 9.56  0.838
2.00 50.00 1.00 6.240 1.250  0.979 || 12.50 0.788

Table S2: Relative change in charge density n’/ng derived from measured AC capacitance and calculated
for a 5 nm and 0.5 nm thick layer of altered charge density. U is the applied voltage, C the measured (and
extrapolated) AC capacitance, Q is the charge density which calculates Q = C- U and nue, is the aerial
number density of electrons. ns,, and ng snm are the total number of electrons in a 5 and 0.5 nm thick layer,
respectively.
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Table S3 lists the calculated refractive index in an 8 nm thick electric double layer constituted
by TFSI molecules.

U C NTFST N§1,0 refractive index
[V] | [¢F/em?] | [10*"m~%] | [10*"m 7]

0.00 0.00 0.000 33.30 1.3170
0.25 6.25 0.012 33.20 1.3171
0.50 12.50 0.049 32.91 1.3177
0.75 18.75 0.110 32.42 1.3186
1.00 25.00 0.195 31.73 1.3197
1.25 31.25 0.305 30.85 1.3212
1.50 37.50 0.439 29.77 1.3231
1.75 43.75 0.597 28.50 1.3252
2.00 50.00 0.780 27.03 1.3278

Table S3: Calculated number densities of TFSI and HoO and refractive indices for a 8 nm thick EDL.
U is the applied voltage, C the measured (and extrapolated) AC capacitance. The number densities are
calculated wit Eq. 3.3 and 3.4, respectively. The refractive index is calculated from Eq. 2.11.

5.3.2 Capacitance Due to Chemisorption

Table S4 shows the calculated relative change in charge density for a 0.5 and 5 nm thick layer
for measured DC capacitances. Note that our model predicts more than complete depletion
of free charge carriers in the case of a 0.5 nm thick layer.

U C Q Narea N5nm Il//no Ng.5nm Ill/Ilg
V] [uF/ecm?] [C/m?] [x10® m~2] || [x10%"] [x10%7]
0.00 207 0.00 0.00 0.00 1.000 0.00 1.000
0.25 235 0.59 3.67 0.73 0.988 7.33 0.876
0.50 193 0.97 6.02 1.20 0.980 12.05 0.796
0.75 175 1.31 8.19 1.64 0.972 16.38 0.722
1.00 223 2.23 13.92 2.78 0.953 27.84  0.528
1.25 303 3.79 23.64 4.73 0.920 47.28 0.199
1.50 408 6.12 38.20 7.64 0.871 76.40  -0.295
1.75 429 7.51 46.86 9.37 0.841 93.72  -0.588
2.00 104 2.08 12.98 2.60 0.956 25.96 0.560

Table S4: Relative change in charge density n’/ng derived from measured AC capacitance and calculated
for a 5 nm and 0.5 nm thick layer of altered charge density. U is the applied voltage, C the measured DC
capacitance, Q is the charge density which calculates Q = C- U and ngpe, is the aerial number density of
electrons. ns,m, and ng sny are the total number of electrons in a 5 and 0.5 nm thick layer, respectively.

Table S5 shows the calculated altered refractive index in the ionic liquid for measured DC
capacitances.
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U C NTFSI 11,0 refractive index

[V] | [#F/em?] | [10*"m~*] | [10*"m 7]

0.00 | 207.00 0.000 33.30 1.3170
0.25 235.00 0.229 31.46 1.3202
0.50 193.00 0.376 30.27 1.3221
0.75 175.00 0.512 29.19 1.3241
1.00 223.00 0.870 26.31 1.3291
1.25 303.00 1.477 21.43 1.3375
1.50 408.00 2.387 14.12 1.3504
1.75 429.00 2.929 9.77 1.3581
2.00 104.00 0.811 26.78 1.3282

Table S5: Calculated number densities of TFSI and HoO and refractive indices for a 16 nm thick layer
of chemisorbed ions. U is the applied voltage, C the measured DC capacitance. The number densities are
calculated wit Eq. 3.3 and 3.4, respectively. The refractive index is calculated from Eq. 2.11.
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