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Abstract
Localised plasmon resonance and plas-
mon resonance are interesting phenomena
possible to utilize for purpose of biosens-
ing. Colloidal mask lithography tech-
niques are convenient methods for cre-
ation of large areas of plasmonic nanos-
tructures with sufficient stability and suit-
able plasmonic response for the biosens-
ing applications. We have experimentally
tested the methods of colloid mask, in-
verse colloid mask, hole-mask and AFM
mask lithography. And we discuss the rel-
evant parameters and procedural steps
necessary to obtain biosensing suitable
structure. Design of carbon monoxide sen-
sor utilizing the nanodisc structure made
by colloid lithography and change in myo-
globin Q-band absorption spectra is pro-
posed. The numerical model of the sys-
tem together with protein measurements
show that the change in the proteins Q-
band is not sufficient to be reliably de-
tected, despite the structures high sen-
sitivity. The structures with sensitivity
around 360 nm/RIU with limit of detec-
tion ∆n = 7 · 10−5 RIU are neverthe-
less suitable platform for other aplications
in biosensing.

Keywords: Plasmon resonance,
Localised plasmon resonance, Colloid
mask lithography, Hole-mask lithography,
AFM mask lithography, CO sensing
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Abstrakt
Lokalizované povrchové plasmony a povr-
chové plasmony jsou fyzikální jevy vhodné
pro využití pro biosenzoriku. Metody vy-
užívající koloidní litografie jsou jednodu-
ché metody s nimiž jsme schopni vytvo-
řit velké plochy plasmonických nanostruk-
tur s dostatečnou stabilitou a plasmonic-
kou odezvou pro tyto aplikace. Experi-
mentálně jsme otestovali metody litografie
koloidní masky, inverzní koloidní masky,
masky s dírami a litografie pomocí AFM
masky a diskutovali relevantní parame-
try důležité pro úspěšné dokončení struk-
tur vhodných pro biosenzoriku. Byl na-
vrhnut design senzoru na oxid uhelnatý
využívající struktury nanodisků připra-
vených pomocí litografie koloidní masky
a změny Q-pásu v absorpčním spektru
myoglobinu. Numerický model systému
dohromady s naměřenými daty proteinu
prokázal, že změna v absorpci Q-pásu
není dostatečná aby byla spolehlivě de-
tekovatelná, navzdory vysoké senzitivitě
senzoru. Struktura se senzitivitou okolo
360 nm/RIU a limitem detekce změny in-
dexu lomu 7 · 10−5 RIU je však vhodnou
platformou pro další aplikace v biosenzo-
rice.

Klíčová slova: Plasmony, Lokalizované
plasmony, litografie koloidní masky,
litografie masky s dírami, litografie
pomocí AFM masky

Překlad názvu: Příprava
a charakterizace plasmonických
nanostruktur
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Introduction

Metal thin films and nanoparticles can support collective resonant oscil-
lations of their free electron. This phenomenon called surface plasmons
for films and localized surface plasmon resonance for nanoparticles is leading
to the absorption and scattering of light on optical frequencies [see 1, 2].
All of the plasmons are also very sensitive on the change of refractive index
of surrounding media [see 3, 4], therefore they are used for sensor applications
[see 5, 6]. The measurement of changes in the refractive index finds numer-
ous applications in biosensing, where the variation of the refractive index is
implied by the bonding of ligand on the sensor surface modified by protein.
One of the first used methods is established on the Kretschmann setting
for attenuated total reflection in plasmon resonance of the thin films [see 7].
The other possibility is using a transmission measurement for nanoparticles
[see 8–13]. The nanoparticles show different plasmon resonance frequency
depending on their various shape [see 14]. We can synthesize nanoparticles
in the solution [see 15, 16], or we can fabricate the particles directly at the sub-
strate by etching or deposition through the mask. A convenient method is
an electron beam lithography [see 17, 18], which is very precise but requires
the cleanroom environment and it is time and money consuming. Therefore
in our interest will be the less demanding and cheaper methods not requiring
cleanroom environment. Those are the mask methods. In these methods, we
can create nanostructures of various shapes; from nanotriangles [see 19–21],
nanodiscs [see 22] up to complicated patterns [see 23].

This thesis focuses primarily on the colloid methods such as colloid mask
lithography and hole-mask lithography. We also introduce new mask method
called AFM mask lithography derived from a combination of standard AFM
lithography and hole-mask lithography principle. Additionally, this work
handles the problem of carbon monoxide sensing by modeling and design-
ing of a plasmonic sensor in tandem with a protein. The sensor is based
on the structure of golden nanodisc together with horse myoglobin which
bonds the gas. The emphasis is put on the stability and sensitivity of the
resulting sensor and its versatility and possibility to be used as well in other
biosensing measurements.
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Chapter 1
Theory

To fully understand how and why we use plasmonic nanostructures as an
optical based sensor, we need to look at the problem of optical properties
of metal in scales raging from thin layer systems [see 24], up to systems
with nanoparticles [see 25–27]. For this means, we start with specifying
the system properties and boundary conditions and understanding general
Maxwell equations [taken from 28] to obtain dispersion relations, absorption
coefficients and other important properties of the system.

1.1 Maxwell equations

As for any other optical system, for describing plasmons, we need to start from
the very beginning; the Maxwell equations. They give us vital connection
in between the electric (E) and magnetic (H) fields, dielectric displacement
(D) and magnetic induction (B) as well as describing the general problem
of electromagnetic waves (EM waves) propagating in a medium.

∇×E = ∂B
∂t

∇×H = ∂D
∂t

+ jext

∇ ·D = ρext ∇ ·B = 0, (1.1)

Where ρext and jext are external charge and current densities. Together with
the response of a medium ρ and j they give the total charge and current densi-
ties in the system. The electric displacement is further linked with the electric
field via polarization (P) and the magnetic field is connected to the induc-
tion via magnetization (M). The system is also governed by the material
constitutive relations for a linear, homogeneous and isotropic medium.

D = ε0E + P j = σE,

H = B
µ0
−M B = µ0µrH, (1.2)

D = ε0εrE,

3



1. Theory ............................................

Figure 1.1: The visualization of a harmonic electromagnetic wave, the electric
field E and magnetic field H are perpendicular [taken from 29].

where µ0
1, ε0

2, µr, εr and σ are respectively the vacuum permeability,vacuum
permittivity, relative permeability, permittivity and conductivity. We also
must note that we consider µr = 1 for the non magnetic medium as we are
going to use gold in our nanostructures. Utilizing all these properties changes
the Maxwell equation to the form

∇×E = −µ0
∂H
∂t

∇×H = ε0εr
∂E
∂t

+ σE

∇ · (ε0εrE) = 0 ∇ ·H = 0. (1.3)

1.1.1 Wave equation

Another step in the description of the plasmon is the wave equation. In order
to look how the EM wave propagates we need to derive the wave equation
and make an assumption of the wave form. Using the curl operator and
mathematical identity ∇ × ∇ × E = ∇(∇ · E) − ∇2E we obtain the wave
equation. The wave equation for E is then

∇2E = µ0ε0εr
∂2E
∂t2

+ µ0σ
∂E
∂t
. (1.4)

We assume a harmonic solution in the wave form E (r, t) = E (r) e−iωt where
ω is angular frequency. The visualization of such a wave can be seen in fig. 1.1.
Separability of the E(r, t) spacial and time part, leads us to the form

∇2E + ω2
(
µ0ε0εr + iσµ0

ω

)
E = 0. (1.5)

1µ0 = 4π × 10−7H/m
2ε0 =

1
36π × 10−12F/m

4



.......................................1.1. Maxwell equations

Introducing some basic relation for vacuum ε0µ0 = 1
c2 and the wave vector

k0 =
ω

c
we can define the complex permittivity for the lossy medium

ε̂r = εr + i σ
ε0ω

(1.6)

which is describing additionally the losses of the system. To simplify the
notation we will continue using εr as a notation for permittivity of the system3.
We can rewrite the wave equation into the the form called Helmholtz wave
equations

∇2E + k2
0εrE = 0.

∇2H + k2
0εrH = 0. (1.7)

1.1.2 Planar wave

Because our goal is to describe surface plasmons which occur on thin film inter-
faces, we first need to specify the propagation of light in such a planar system.
The geometrical representation of our system in the first approximation is
a plane in xy with a wave propagating solely in x-direction. Therefore we have
one dimensional propagation where permittivity depends only on one spatial
coordinate εr = εr(z). Also for this geometry the relation for the electric field
can now be simplified to E(r) = E(z)eiβx where β is complex parameter de-
noted as the propagation constant β = kx. It corresponds to the component
of the wave vector in x-direction along which the wave propagates. Inserting
these in the wave equation we obtain

∂2E(z)
∂z2 +

(
k2

0εr − β2
)
E = 0. (1.8)

The same relation naturally holds for the magnetic field H.
We can look at the components of the wave equation and the Maxwell curl

equations and divide them into two independent sets of equations. The first
includes only the field components Ex, Ez and Hy which are nonzero and
the corresponding waves are called transversal magnetic (TM). The transversal
electric (TE)4 wave has remaining components Hx, Hz a Ey

Ex = −i 1
ωε0εr

∂Hy

∂z
Hx = −i 1

ωµ0

∂Ey
∂z

(1.9)

Ez = − β

ωε0εr
Hy Hz = − β

ωµ0
Ey

∂2Hy

∂z2 +
(
k2

0εr − β2
)
Hy = 0 ∂2Ey

∂z2 +
(
k2

0εr − β2
)
Ey = 0.

3From now on the permittivity is a complex value.
4There is also other way of noting TM and TE wave. The notation originates from

German where the TM wave is corresponding to polarisation ’p’ (’parallel’) and TE wave
corresponding to polarisation ’s’(’senkrecht’ meaning perpendicular).
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1. Theory ............................................
We can also visualize what TE wave has the electric field non-zero value only
in the xy plane, whereas the TM wave can have non-zero component in the z
direction (can have effect environment not only in the the xy plane).

So far we are looking in a general way on the Maxwell equations, making
small assumptions to specify them. This will allow us to effectively explain
plasmons without long auxiliary calculations.

1.2 Plasmons

The general characteristics of metals are determined by the presence of free
electrons. Plasmons are generally described as quantized oscillations of the
electron gas (respectively charge density oscillations). According to the Drude-
Lorentz model utilizing the dipole oscillator approximation for free electrons
with negligible damping we can write:

ε(ω) = 1−
ω2
p

ω2 (1.10)

where ωp is known as the plasma frequency5. This frequency is connected
to the edge of the ultra-violet transparency of metals and has an important
role in describing bulk and surface plasmons.

The dispersion relation for the bulk plasmon then can be derived via
the Maxwell equation for the electric field E and current density j. Subse-
quently the equations for separately the transversal and longitudinal plasmon
modes and wave like solutions E = ei(kr−ωt) lead us to the dispersion rela-
tion c2k2 = ω2 − ω2

p for transversal and ω = ωp for the longitudinal wave.
We can see that the metal characteristics of plasmons are limited by the con-
dition ω ≥ ωp; under the plasma frequency the incoming wave is reflected
by the plasma. The relation is depicted in fig. 1.3 on page 8 together with
the surface plasmon polariton dispersion relation and dispersion relation
of light in vacuum.

1.2.1 Surface plasmon polariton

Surface plasmon polaritons (SPP) are a type of plasmon bound to the inter-
face between a metal and an insulator. They are quasiparticles representing
collective oscillation of free electrons in the metal coupled with the excit-
ing electromagnetic wave. SPP are characterized with evanescent decay
in perpendicular direction to the surface. For describing such system we will
use two different approximations, single interface and the multilayer system.
We will also neglect the possible polarization and magnetization components
of surface plasmon polaritons, to simplify the thought process.

5ωp = Ne2

ε0m
, where N - number of an electron, e - charge of an electron, m - mass

of an electron.

6



...........................................1.2. Plasmons

Figure 1.2: Schema of a metal-dielectric interface in between the dielectric
and the metal with indicated evanescent decay of the field in the out of plane
direction.

1.2.2 Single interface

The simplest geometry on which the SPP can be described is a single interface
between a metal and an insulator (fig. 1.2). The insulator is a dielectric
with positive real dielectric constant ε1 in the half space z > 0. The metal
in the half space z < 0 is conducting and characterized with the permittivity
ε2(ω). The metal dielectric function has a negative real part Re(ε2) < 0,
whereas the dielectric constant ε1is alwazs positive. The sign difference
in between the real parts of the permittivities is the vital characteristic
of the system allowing the surface plasmon polaritons to exist [30, 31].

Now we implement the continuity conditions of the interface to the equations
of the planar wave at the interface 1.1.2. For the TM wave, we get the following
relation between kz1, kz2 (components of kz belonging to the different media)
and permittivities

kz1
kz2

= −ε1
ε2
. (1.11)

The fraction of kz1 and kz2 is positive, therefore the Maxwell equations lead
us to the requirement of opposite signs between permittivities ε1 and ε2. This
condition is exactly fulfilled by the metal/dielectric interface as mentioned
above. From the Helmholtz equation, expressing Hy, we can acquire further
conditions, which then lead us to the dispersion relation for SPP confined at
the metal-dielectric interface

β = k0

√
ε1ε2
ε1 + ε2

. (1.12)

Analogically we could proceed with the TE wave. The final condition
would depend on the scaling constant of the field Ai which originates from
the integration6,

A1 (kz1 + kz2) = 0. (1.13)
The values of kz1,2 are always positive, therefore the only solution is A1 = 0
and equivalently A2 = 0. This means that there is no propagating wave
for the TE modes at the interface. The SPP exists only for the TM wave.

For large wave vectors kx →∞, the SPP frequency aproaches the charac-
teristic surface plasmon frequency

ωsp = ωp√
1 + ε1

. (1.14)

6The constant Ai also represents the amplitude of the corresponding wave.

7



1. Theory ............................................

Figure 1.3: Dispersion relation for bulk plasmon (black), light in vacuum (dash)
and surface plasmon polariton - theoretical curve (blue) uses the Drude-Lorentz
model.

The asymptotic values of ωsp and ωp for k = 0 and their relation to the dis-
persion relations of bulk plasmons, light in vacuum and surface plasmon
polariton are shown in fig. 1.3. In the calculation of the theoretical curve
of SPP, the metal dielectric function ε2 was calculated from the Drude-Lorentz
model (eq. 1.10).

1.2.3 Multilayer system

Although the single interface system gave us an easy approximation of be-
haviour of SPP, the model is still far from reality. To show that better
approximations of the system do not lead to qualitatively different results,
we can look on the propagation of TM modes from a perspective of sandwich
multilayer systems as in [24, 32, 33]. This requires extensive calculations, so
we will only present the results. In applications, these systems are divided
in to two categories, metal/insulator/metal (MIM) structures and insula-
tor/metal/insulator (IMI) structures (figure 1.4), and are realized mostly
in form of rectangular waveguides.

The multilayer system is generally governed with the same Maxwell wave
equations. Due to the more complicated geometry of the system, more
boundary conditions needs to be fulfilled. Therefore the solutions will split
into an odd and an even branch (fig. 1.5) depending on the overall parity
of the field. The resulting curve takes form of tanh function. For example
the odd branch:

tanh(k1
za) = −k

2
zε1
k1
zε2

. (1.15)

8



...........................................1.2. Plasmons

Figure 1.4: Scheme of a multilayer system supporting SPP. We can distinguish
in between MIM (II and III metal, I dielectrics) and IMI (I metal, II and III
dielectric) structures.

Figure 1.5: Comparison of the calculated dispersion relations resulting from
the different approximations for IMI structure with central silver layer. Dashed
lines represent multilayer system (grey for 100 nm thick layer and black for 50 nm
thick layer) while the solid line represents the single interface approximation
[taken from 24].

1.2.4 Transfer to localised surface plasmons

Now we will finalize the picture of the surface plasmon polaritons and make
a thought transfer to localised surface plasmons. So far we described a prop-
agating wave in the film. This description can be visualized as a change
of charge on the metal/dielectric interface (fig. 1.6). The description of SPP
is based on planar infinite media, but the localised plasmons are observed
on small nanoparticles of various shapes, therefore a simplest model we can
use is a sphere. The theory made by Sun and Khurgin [see 34] suggest
approaching the sphere as a curved interface. This way the surface plasmon
gets bounded and manifests in form of mode oscillations; describing the mode
frequency ωl of the mode l

ωl = ωp

√
l

l + (l + 1) ε1
(1.16)

9



1. Theory ............................................

Figure 1.6: Representation of the surface plasmon polariton as an oscillation
of free electrons together with the evanescent EM field within a metal/dielectric
interface [taken from 9].

Figure 1.7: The dependency of the energy ωl~ on the oscillation mode l, the im-
print shows a scheme of the first three modes [modified from 34].

where the ε1 refers to the permittivity of the dielectric as it was in the de-
scription of surface plasmons. This formula gives us a relation for frequency
dependent on the mode number (fig. 1.7). The graph also shows the visual-
ization of the first three modes. As the mode number increases the frequency
ωl approaches the limit value of a ωsp. This result provides a connection
between phenomena occurring on thin films and in nanoparticles.

1.3 Localised surface plasmon resonance

As we moved to the description of the localized plasmon surface resonance
(LSPR), we noted that the situation is a bit different from surface plasmons.
The phenomenon is observed on single metallic nanoparticles consisting

10



............................... 1.3. Localised surface plasmon resonance

Figure 1.8: Oscillation of inbound electrons in a plasmonic nanoparticle [taken
from 9].

of a plasmonic active material. The LSPR is not propagating because its
bounded to the nanoparticle small volume. The mode approach can be
described as a collective oscillation of free electrons in the nanoparticle. For
small particles under 10 nm, where the dipole oscillations contribute the most
[see 35, 36] we can depict the oscillations as in fig. 1.8. Such an model
idea will help us to interpret the results of the analytical and the numerical
solutions of the EM field behaviour in the nanoparticles and their surrounding.
The more complicated approaches will then give us the qualitative results.

1.3.1 Quasistatic approximation

One of possible solution is derived for small spherical particles with radius
a� λ. In this case the change of field through the particle volume is negligible,
so we can search at the excitation field as being constant in space. We can
therefore first look for the static field solutions [as in 37] and add the time
dependence later. Such an approximation allows us to solve the Laplace
equation and derive the form of the EM wave inside and outside the particle.

Looking at a particle characterized with the dielectric function ε(ω) sur-
rounded by an isotropic non-absorbing medium with the dielectric constant εm,
which is located in the static electric field E = E0z, we obtain the following
fields inside and outside of the particle:

Ein = − 3εm
ε+ 2εm

E0 (1.17a)

Eout = −E0 + 3r(rp− p)
4πε0εmr5 , (1.17b)

where p is the induced total dipole moment. The polarizability of the particle
is then given as

α = 4πa3 ε− εm
ε+ 2εm

. (1.18)

The resonance frequency is given by the so called Fröhlich condition

<[ε(ω)] = −2εm (1.19)

11



1. Theory ............................................
which shows its importance for metallic particles with the corresponding
frequency

ω0 =
ωp√

3
. (1.20)

On this frequency it is possible to experience LSP and therefore measure
small changes of the refractive index εm.

Proceeding with the quasistatic approximation we use dipole approxima-
tion for the small sphere. Now for the time-dependent illuminating wave
E(r, t) = E0e

−iωt. The field induces a dipole moment p(t) = ε0εmαE0e
−iωt

with the polarizability resulting from the static approximation (eq. 1.18).
The scattering of the plane wave can be written in a form of dipole radiation

E(t) =
1

4πε0εm
Edipe−iωt, (1.21)

where

Edip = k2 r× (r× p)
r3 eikr + (1− ikr)r2p− 3r(r · p)

r5 eikr, (1.22)

and the wave vector k =
2π
λ

[see 37]. We can notice that for the near zone
kr � 1 we acquire the electrostatic result (as in eq. 1.17b). The corresponding
magnetic field for the dipole is H(t) = Hdipe

−iωt where

Hdip = ck2

4π
r× p
r3

(
r − 1

ik

)
eikr. (1.23)

Knowing how the resonantly enhanced polarisation of the sphere effects
the EM field, we can look at the accompanying phenomena of enhanced
absorption and scattering. Through the knowledge of the Poynting vector

S = E×H (1.24)

we can calculate the electromagnetic energy Wa passing through an arbitrary
sphere around the particle,

Wa = −
∫
A
S · er dA. (1.25)

The surface of the sphere is A and er is the normal vector of the sphere
surface. Wa is the total absorbed energy and can be split for the non absorbing
medium in Wa = Wext −Ws. We can write the extinction energy as sum
of overall (Wa) and scattered (Ws) energy

Wext = Wa +Ws. (1.26)

From these energies the cross-sections can be calculated [see 25]. The relation
1.26 for the corresponding cross-sections holds in the same manner

Cext = Ca + Cs. (1.27)

12



............................... 1.3. Localised surface plasmon resonance

The cross-sections for the quasistatic approximation are then determined as

Cs = k4

6π |α|
2 = 9πk4a6

3

∣∣∣∣∣ ε− εmε+ 2εm

∣∣∣∣∣
2

(1.28a)

Ca = k= [α] = 4πka3=
[
ε− εm
ε+ 2εm

]
(1.28b)

1.3.2 Mie theory

The Mie theory [first published 38] provides an alternative, more precise
and wider approach to solving scattering and absorption by nanoparticles.
The theory explains and provides better understanding of the absorption
and other optical properties of nanoparticles. This theory is based on scalar
and vector functions satisfying the wave equation. The solution using these
functions then may be written in the form of Legendre, Bessel, Hankel,
and Riccati–Bessel and Riccati–Hankel functions [see 25, 26, 39, 40]. We will
not look deep into the calculations and we will present only the resulting
coefficients. The theory behind scattering is universally holding the same eq.
1.25, 1.26 and 1.27, only the form of solution is different.

Let’s assume a spherical particle of size R and refractive index np in an non
absorbing medium with refractive index nm illuminated by the plane wave

with wave number k =
2πnm
λ

is placed in electromagnetic field. The scattering

coefficients in basis of Ψn(x) = xjn(x) Riccati-Bessel and ξn(x) = xh
(1)
n (x)

Riccati-Hankel functions are

an = Ψn(x)Ψ′n(mx)−mΨ′n(x)Ψn(mx)
ξn(x)Ψ′n(mx)−mξ′n(x)Ψn(mx) (1.29a)

bn = mΨn(x)Ψ′n(mx)−Ψ′n(x)Ψn(mx)
mξn(x)Ψ′n(mx)− ξ′n(x)Ψn(mx) (1.29b)

where m represents the relative refractive index of the nanoparticle m =
np

nm
and x = kR the size parameter. The refractive index n can be a complex num-
ber, which includes absorption in the sphere. The scattering and extinction
cross-section are than expressed as

Cs = 2π
k2

∞∑
n

(2n+ 1)
(
|an|2 + |bn|2

)
(1.30a)

Cext = 2π
k2

∞∑
n

(2n+ 1)< [an + bn] . (1.30b)

Using these coefficients we can analytically calculate the spectral characteris-
tics of the nanoparticles.
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Chapter 2
Analysis and instrumentation

Preparation and characterization of plasmonic nanostructures requires modern
and precise equipment. In order to characterize and evaluate the quality
of our nanostructures. The structure parameters were first characterized with
dark field microscopy and then with atomic force microscopy. The spectral
response of localised plasmons was measured by a spectrometer in transmission
geometry and the surface plasmon polaritons were measured in attenuated
total reflection setup. The further spectroscopy and sensing utilizing localised
plasmon structure was done in a microfluidic chamber.

2.1 Atomic force microscopy

Atomic force microscopy is a method from the family of scanning probe
microscopy methods, which is able to image samples surface with nanometre
precision. It is widely used in many sectors of physics and biology where
such a precision is needed [see 41]. One of its advantages is the possibility
of performing the experiment at standard ambient conditions, such as room
temperature and atmospheric pressure. Thanks to the ability of measuring
samples without any surface treatment, we can also study biological materials
in their native function state.

The core principle of the method is based on measuring interaction forces
in between the sharp tip and the sample surface. The tip is usually made of sil-
icon with possible coating and it is grown on a thin cantilever. The cantilever
is connected to a small plate which serves for mounting the tip to the in-
strument. The tip is affected by atomic forces and can be either attracted
to the sample or repulsed from it. Depending on which of these forces
dominates we can distinguish different modes of measurement [see 42]. As
an approximation of the force acting between the tip and the sample we can
use the Lennard-Jones potential

U(r) ∼ −
(
σ

r

)6
+
(
σ

r

)12
, (2.1)

where σ is a constant setting an equilibrium distance r in between the instru-
ment and the sample. We can distinguish the modes by the working distance,
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2. Analysis and instrumentation...................................

Figure 2.1: Scheme of force acting in between the tip and the sample given
by the Lennard-Jones potential. The different modes are distinguished by the dis-
tance from the sample [taken from 43].

Figure 2.2: Scheme of the atomic force microscope. The feedback loop (left) is
correcting the height over the sample and the data are than saved as a topography
map (right) [taken from 44].

which is equivalent to the fact, whether the tip is only repulsed/attracted
or it experiences both attraction and repulsion (fig. 2.1).

The instrument is measuring the forces acting on the cantilever, and uses
feedback loop to correct the distance between the tip and the sample surface
as it moves over the sample in xy direction (2.2). The force is derived in each
point from the changes in position of laser beam reflected from the cantilever
to the photo diode. The setpoint value defines the desired force. The deviation
from this value is called error. The error is recalculated using the gain value
and sets the z movement response in real time. The information about the z
height is saved as the topography map.
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.................................... 2.1. Atomic force microscopy

Figure 2.3: AFM instrument used for analysis. The xy movement is governed
by two stages, one for loading the sample operating in macroscopic distances
and second operating in nanometres, which is built into the head of the microscope
together with the z controller. The optical microscope is used for the orientation
on the sample and pre-engagement of the tip to the sample surface.

Contact mode. The feedback loop keeps the tip is in constant contact with
the sample, therefore there are only repulsive elastic forces acting on the tip.
There are two operation options, constant force (feedback loop holds the value
of force on a constant value and movement of z drive is proportional to the to-
pography) and a constant height (tip is held at a constant distance from
the surface and the force applied on it is proportional to the topography).
Constant contact allows us to switch into lithography methods and apply
additional force and change the topography. This constant contact may cause
higher wear off of the tip.

Semicontact mode. The tip is driven by the alternating current to oscillate
on its characteristic frequency. The tip is in contact with the sample only
at the bottom of its amplitude. For this characteristics, it is also called
the tapping mode. The oscillation is in order of several nanometres, which
means the tip is moving from the region of repulsive elastic force to the range
where attractive Van der Waals forces take the leading role. The changes
of oscillation amplitude are tracked and the z drive compensations correspond
to the topography. This mode can achieve higher scanning speeds and it is
more sensitive to the biological samples.

In our experiment the tapping mode was used for scans, and the contact mode
for performing lithography. The instrument Nanoscope V (Bruker; fig. 2.3)
equipped with the software Nanoscope 9 was used together with tips Tap 300
AL-G (Budget sensors) suitable for the tapping mode.
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2. Analysis and instrumentation...................................

Figure 2.4: Scheme of the dark field microscope [taken from 45]. Light from
the high intensity light source is lead to the sample through the collector lenses.
First the middle part of the beam is absorbed by the opaque light stop, resulting
in a hollow cylinder shaped beam. This beam is then focussed by the condenser
lenses on the specimen. The centre of objective collects only the scattered light
from the sample and directs it to the ocular or to the CCD camera.

2.2 Dark field microscopy

Another method suitable for imaging the nanoscale structures is dark field
microscopy. It is a technique derived from standard optical microscopes with
changes in incident angle of the beam. The sample is illuminated under high
incident angles and only the light scattered from the sample is collected. This
creates the typical appearance of the dark field image, where the structure
edges are visible and the background is black.

The scheme of the dark field microscope is shown in fig. 2.4. The scattered
light allows us to image particles smaller than the wavelength of incident
light. We cannot measure their real size but we can localize single particles,
which allows us to make single particle spectra or to analyse the particle
distributions.

For our experiment we used the instrument AxioImager Z1m with the
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..................................... 2.3. Spectral measurement

Figure 2.5: The transparent microfluidic chamber on a black background. Cham-
ber with simple two way setup can interchange two fluids. The curved channels
(bottom) serve for the incoming fluid and the straight (top) channels ad waste
drain.

EC Epiplan objectives and the camera AxioCam MRc5, made by Carl Zeiss
microscopy with the software AxioVision from the same producer.

2.3 Spectral measurement

Localized plasmon resonance of the structures was excited by the wide spectral
(visible to near infrared) light. There are two possibilities of the spectral mea-
surement: single particle or large surface area. In combination with the dark
field microscope we can measure the single particle spectra. The spectrometer
is attached to the dark field microscope via an optical fibre and the col-
lected light from the objective is redirected to it. In the experiment we used
the spectrometer Acton Research SpectraPro 2300i with the acquisition time
of 10 seconds. The grating with 150 grooves/mm centred at 500 nm was used.
The transmission arrangement is used with setup for microfluidics or other
chamber measurements. Two methods can be used to determine the final
absorption Iabs. For the first we need to obtain the corrections for the dark
current of the spectrometer Idc(λ) and the background of the particle Ibcg:

Iabs = 1− Inp − Ibcg
Ilamp − Idc

, , (2.2)

where the Inp is the measured spectra of nanoparticles and Ilamp is reference
lamp spectra. The second is suitable for the microfluidic measurement and
does not require the Ibcg. It takes the form of extinction

ε(λ, t) = log10

[
Ilamp(λ)

Inp(λ, t)− Idc(t)

]
, (2.3)

where the Inp(λ, t) is the spectrum acquired in the time t [46]. To overcome
possible instabilities of the detector, the background is interpolated linear
from the spectral regions beyond the cut-off filters of the spectrometer.
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2. Analysis and instrumentation...................................

Figure 2.6: The setup for the microfluidic measurement. The optical path goes
vertically up from the lamp through the chamber and is collected by the optical
fibre leading it into the spectrometer.

2.4 Microfluidics

One of the possible setups for the LSPR sensing is a combination with
the microfluidics. This approach utilizes small liquid volumes (lower than µl)
which are pumped into a transparent chamber with the LSPR chip. The basic
two channel chamber is depicted in fig. 2.5. The two channels provide us
control over the medium in the system. First we can observe the bonding
of a protein to our structure (change in the local refractive index around our
structure) and later apply activation solution and/or buffer with specimen
(change in the absorption spectra of the protein). The whole setup can be
seen in fig. 2.6.

2.5 Attenuated total reflection

While the localized plasmon polaritons can be excited directly via multispec-
tral light, for the surface plasmon polariton we need to use a coupling method
to achieve excitation. The IMI structure of an air/gold/glass prism was used
for surface plasmon polariton measurements. The IMI structure is suitable
for measurements in the Kretschmann configuration [see 47]. This method
utilizes parallel monochromatic laser light with a frequency ω < ωsp and scans
over the values of projection of the wave vector in x direction kpx. The total
reflection occurs on the gold/prism interface during scan over the incident
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................................... 2.5. Attenuated total reflection

Figure 2.7: The dispersion relations of gold/air, gold/prism interfaces
and the light dispersions relation in the two insulator environments. The line
marked as prism is referring to the light dispersion relation in the prism. The in-
tersection point of the prism line and the plasmon on gold/air is the coupling
condition; therefore it determines the coupling angle of the plasmon polariton.

angle θ. For the coupling of the incident light with plasmon we need to fulfil
the coupling condition

kpx = k
√
εp sin θ, (2.4)

where εp is the permittivity of the prism. At the coupling angle θ the surface
plasmon polariton is excited in the gold/air interface. The coupling is possible
thanks to the evanescent wave penetrating through the gold layer allowing it
to interact with the plasmon on the gold/air interface (fig. 2.7).
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Chapter 3
Experimental methods and design

In order to create a functional LSPR sensor we must consider many parameters,
procedures and overall design. At first, we will introduce methods for creating
different types of plasmonic structures. Because this work focusses on the pos-
sible application in CO sensing we overview the parameters of CO bonding
protein myoglobin1 which can be used as the CO sensitive media. Building
on the knowledge of the spectral characteristics of the protein we introduce
multiple possibilities for the sensor design. The suitability of the plasmonic
nanostructures for sensing purposes is verified by the simulations.

3.1 Methods for structure preparation

There are many ways how to produce plasmonic nanostructures. One of to-
day’s very common and used techniques is the electron beam lithography [see
48], but this technique requires a clean room environment and is relatively
expensive (regarding time and money). Another less expensive possibility is
the nanoimprint lithography [see 49, 50] which still requires a mask created
by electron beam. To completely avoid the need use of electron beam we
focus on mask methods which use assemblies of nanoscale spheres. Meth-
ods using colloid approaches with direct dispension of plasmonic particles
were previously tested (reviewed in [51]). The combination with the mask
methods should increase the stability of the sensor chips. We will also intro-
duce a method combining the mask approach and atomic force microscope
lithography.

All the methods focus on creating chips homogeneously covered with
plasmonicaly active golden nanoparticles. The particles can vary in shape,
depending on the chosen method, from circular to triangular discs usually
in sizes between 70-100 nm and thickness of 20-40 nm.

1Myoglobin originating from Equus Caballus (horse). It is a blood protein bonding
oxygen as well as carbon oxide.
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3. Experimental methods and design.................................

Figure 3.1: Scheme of steps in colloid mask lithography using PS beads.
The polystyrene beads are deposited on the glass substrate covered with gold
layer. Next the dry argon plasma etching removes the gold layer around the bead
mask. And finally the beads are removed, leaving gold discs structure on the sub-
strate.

3.1.1 Colloid mask lithography

One of the simplest methods for creating arrays of circular nanodiscs is
the colloid mask lithography. This method uses homogeneously distributed2

polystyrene or glass nanospheres on a golden layer. Process contains only
three steps and is depicted in fig. 3.1. The spheres work as shielding mask
for the gold layer during the argon etching and therefore they create the circu-
lar shaped disc beneath them. Etching can also be done with non-zero incident
angle which causes the resulting shapes of the discs to be elliptical. The way
in which the spheres are removed after the etching depends on the type;
polystyrene (PS) beads are removed by ultrasonic bath in acetone and glass
spheres by tape stripping3. The structure is now ready for measurement
and sensing.

3.1.2 Inverse colloid mask lithography

The colloid mask lithography can also produce inverse structures, which are
in this case circular shaped holes in the golden layer. Theoretically such
a inverse structure should have the same plasmonic resonance as the com-
plementary disc structure (Babinet’s principle, for example as shown in [52])
while having simple manufacturing process (fig 3.2). The beads are deposited
on the clean charged glass substrate and are stripped after deposition of gold,
leaving holes underneath them.

3.1.3 Hole-mask litography

Hole-mask lithography is similar to colloid mask lithography but introduces
a new additional concept of a sacrificial layer (method first introduced in [22]).
This process contains more steps and it has higher laboratory equipment
requirements, but it can be modified to provide a broad variety of nanodisc
nanostructures.

2The process described in section 4.2 on page 33.
3Applying an adhesive tape to the surface of the sample captures the beads. The tape

is removed and the beads are removed together with it.
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................................ 3.1. Methods for structure preparation

Figure 3.2: Scheme of steps in inverse structure colloid mask lithography using
PS beads. The beads are deposited directly on the glass substrate. Subsequently
a layer of gold is evaporated over the sample, creating caps over the beads. As
the last step the beads with the cap are removed, leaving holes in the gold
layer.

The scheme of the procedure steps is shown in fig. 3.3. Nanospheres
are homogeneously distributed over the sacrificial polymer layer and gold
is evaporated over them. Such a process fills the gaps between spheres
and creates cap on each of them. Particles are then removed together with
their caps by tape stripping; leaving circular holes in the golden layer (same
as creating the inverse structure). The surface is etched by dry etching, which
creates holes in the polymer on the areas which are not protected by gold.
Another layer of gold is evaporated on top of the remaining layer, as well
as in the newly created holes. Finally the sacrificial layer of polymer with
the mask is lifted off4.

Tape stripping

Lift offPlasma etching

Gold sputtering

Glass

PMMA

Beads

Gold sputtering

Figure 3.3: Scheme of steps in Hole-mask lithography. The beads are deposited
over the sacrificial layer (layer of poly(methyl metakrylate), shortly PMMA).
Next a gold layer is evaporated over the sample creating caps over the beads.
Further the beads are removed by tape stripping leaving holes serving as a mask
for the plasma etching. The holes in the sacrificial layer are created by the etching.
Then the deposition of gold creates disc structures on the glass surface. In the end
the mask and the sacrificial layer are removed by lift off.

Without any variation the method produces golden discs, another option is
tilting the sample during the last deposition step which causes the elliptical
shape of the discs. We may also notice that the etching creates holes larger,

4The process generally known as lift off is done by dissolving the sacrificial layer
in an acetone/isopropanol mixture, removing also the top of the mask.
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3. Experimental methods and design.................................
than are the holes in the gold mask [see 22]. Using several different tilt angles,
we can create pairs or triplets of nanodiscs close to each other. Furthermore
during long second deposition step the holes in the top layer will gradually
shrink, which results in nanocones structure. Combining shrinking hole
principle with tilting we can create pairs/triplets of particles with different
sizes [see 53].

3.1.4 AFM mask lithography

With the development of atomic force microscope (AFM) techniques we can
observe the nanoworld more and more precise. The improvement of the preci-
sion is possible thanks to the better piezoelectric positioning units and tips
with smaller apex diameter and angle5. This development opens more possi-
bilities for precise manufacturing of nanostructures utilizing the AFM analysis
and lithography methods. A new lithography method inspired by several
of the AFM lithography methods [54–56] combined with hole-mask lithogra-
phy principle was shortly introduced in my previous work [57] and deserves
a closer description.

 Plasma etching  Gold sputtering Lift off

 l 

 d 

 l 

 d 

Glass

PMMA

Gold

Figure 3.4: Scheme of steps in AFM mask lithography. The PMMA sacrificial
layer is coated with gold layer. And the mask pattern is created by the AFM
lithography. This opens the possibility to create designed arrays with chosen size
d and distances between particles l. Further steps are performed in the same
manner as hole-mask lithography; the sacrificial layer is etched, the gold deposited
and the mask with the sacrificial layer are lifted off.

The process uses several steps from the hole-mask technique. And the scheme
of the process can be seen in fig. 3.4. Substrates are coated with a sacri-
ficial layer and a thin layer of gold is structured by the AFM lithography.
Holes of nanoscale size are indented in the gold surface. The created pattern
serves as the mask for etching. Dry plasma etching of the sample creates
holes in the sacrificial layer. The gold is deposited to create the structure
in the same way as for hole-mask lithography. During the lift of in ultrasound
bath both the sacrificial layer and the mask are removed. On the glass surface
stays only the desired structure.

The mask created by AFM opens possibilities to design patterns and struc-
tures with defined coupling. The distances between the particles and the size
of the particles is defined by the parameters programmed in the AFM lithog-
raphy procedure.

5These two parameters are stating how ’sharp’ is the tip. The sharper is the tip, the lower
are the diameter and angle in the apex of the tip.
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3.1.5 Microarray spotting

The so far mentioned methods were focusing either on a homogenous film,
or on arrays created by AFM. The homogeneous chips are a useful tool
in single channel sensing, but to keep up with the measurement requirements
of the current biology, chemistry and physics research, we need to have
possibility of multichannel sensing. The method of plotting microarrays was
shown to be useful as a tool for creating such a multichannel sensing chip
directly with the plasmonic nanoparticles from colloid [see 58]. Now we
introduce a combination of plotting and mask methods to achieve more stable
arrays for consistent analysis.

The creation of microarrays is done by the instrument Nano-Plotter 2.1.
The device can dispense sub-nanolitre volumes in a chosen pattern. The small
droplets are drying fast and create spots of size around 300 µm in diameter.
Such a spot is than viable as one channel of the multichannel sensor.

There are two methods which viable for the spot creation. The first method
uses direct dispense of the water solution with PS/silica beads on the golden
surface. The water evaporates and the beads stay on the surface. The chip is
finished using the same principle as in the colloid mask lithography, but only
the spotted areas now have the nanodisc structure. The second possibility is
using chips finished by the colloid mask lithography. Such a chip has already
a homogeneous distribution over the whole surface. The microarray is created
with a polymer glue resist. The resist is UV sensitive and is hardened under
UV lamp. The whole chip is etched again removing the homogeneous array
not covered by the resist. The resist is then dissolved by acetone-isopropanol
mixture, leaving only the gold nanodiscs. The second method achieves higher
homogeneity of the spots and prevents the coffee ring effect, but it has
an additional step of etching and lift off of the resist.

3.2 Protein overview

The plasmonic structures alone are a good sensing platform. Now we need
to utilize their possibility of sensing changes in permittivity. That can be
done by using a protein layer, spectrally sensitive on the compound we want
to measure. To sense the carbon monoxide we therefore choose myoglobin.

Myoglobin is a protein found in the muscle cells of mammals, already used
in multiple different detection methods of carbon monoxide (CO) gas [61].
It has its merit due to its spectral change upon interaction with the CO
and relatively good availability. It is a globular protein (fig: 3.5a) with
the organometallic compound heme (full name: protoporphyrin IX containing
Fe). A simplified scheme of heme is depicted in fig. 3.5b. The molecular
weight is 17 kDa and the chain consist of 154 residues. The protein can natu-
rally exist in two oxidation states, which are characterized by the oxidation
state of the iron in the heme compound. The FeIII state is the inactive form
and the FeII state is the the active form capable of reacting with oxygen
molecules or carbon monoxide (fig. 3.6). The name is changing in dependence
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(a) : Myoglobin. (b) : Heme.

Figure 3.5: The view of the myoglobin and the organometallic compound
of heme. (a): View of the protein structure 5D5R [59] of the deoxymyoglobin
with the water in active place. The reaction is moderated by two histidines
(yellow); HIS 64 bonding with water (possibly O2,CO) and HIS 93 bonded
to the iron. (b): The simplifies view of the organometallic compound heme.

Figure 3.6: Diagram of myoglobin states and most of the possible state transi-
tions. The spontaneous transitions are marked by ∗. The colour of the boxes
for the different states represent the colour of the protein. Diagram modified
from [60]

of the oxidation state and the bonded compound; metmyoglobin (metMb)
for the FeIII state; for the FeII states: deoxymyoglobin (DMb) without any
bond, oxymyoglobin (OMb) bonding with oxygen and carboxymyoglobin
(COMb) bonding carbon monoxide. The bond to the heme is moderated
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Figure 3.7: The absorbance spectra for three states of the myoglobin protein.
The metMb state with the Soret peak at 412 nm and Q-band peaks at 507 nm
and 632 nm, the DMb state with Soret peak at 434 nm and one Q-band peak at
561 nm and the COMb state with the Soret peak at 425 nm and Q-band peaks
at 545 nm and 576 nm [taken from 66]

by two histidines (HIS), which are directly interacting with the iron or the
bonded compound. The HIS 64 and HIS 93 are marked yellow in fig. 3.5a.
The active place was also observed in COMb form; the structure from the pro-
tein data bank 1DWR [62]. The heme should have slightly different confor-
mation, mainly for the position of the Fe in different states, which was not
observable by comparing the two mentioned structures, but other literature
refers to it [see 63–65].

3.3 Sensor design

As we have already mentioned, the plasmonic nanostructures are able to sense
changes in the permittivity (refraction index as well as absorption index)
of the surrounding media. The media is in our case the myoglobin protein,
which is spectrally sensitive to its oxidation state. The core principle of the de-
tection is then the spectral change of the protein within the different states.
The change in absorption can be characterized by the absorption index κ. It
is directly connected to the refractive index n via Kramers-Kronig relations

n(ω) = 1 + 2
π
P

∫ ∞
0

ω′κ(ω′)
ω′2 − ω2 dω′ (3.1)

κ(ω) = −2ω
π
P

∫ ∞
0

n(ω′)− 1
ω′2 − ω2 dω′, (3.2)

where P denotes the principal part of the integral. The relation with
permittivity of the media is by definition

ε = n2 − κ2. (3.3)
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Figure 3.8: The spectral ranges for various types of plasmonic nanostructures.
All of the displayed structures were made as colloid solutions. Although the lithog-
raphy is able to tune the shape and size, none of the pure Au structures is suitable
for sensing the Soret peak around 400 nm [taken from 16]

The change in the spectra is most significant in the absorption peak (Soret
peak) around 412 nm (for the metMb state), which determines the colour
of the protein (fig. 3.7). Although that the Soret peak experiences the largest
shift in the spectra, it is not suitable for sensing with plasmonic nanostructures
produced by lithography methods. The possible spectral range of the different
types of plasmonic nanoparticles can be seen in fig. 3.8. The gold nanodiscs
can be tuned to have an plasmonic peak in between 500-800 nm. The detection
is therefore aiming at the spectral change of Q-band peaks in the 500-650 nm
region.

When we look again at the different states of myoglobin (fig. 3.6) we can
notice some of the possible transitions in between of them are spontaneous
(marked with ∗). In order to make the most efficient sensor device we want
to follow spontaneous paths. The first step is to activate the protein. This
process does not occur spontaneously in neutral pH. In order to do so we
can reduce the protein (metMb) into DMb by introducing a slightly basic
environment such as in blood. In such an environment the DMb then can
transition into OMb as well as in COMb state. Additionally, it is important
to note that depending on the pH level, a part of the protein can stay
in its inactive form or transition back to metMb state via spontaneous paths.
In the laboratory environment we have the possibility to use a chemical
reaction with sodium dithionite to ensure the full reduction into the DMb
state. Sodium dithionite is known for its high redox potential and also
reacts with the oxygen in the solution, keeping the protein in the DMb state,
allowing it to bond only with CO [see 67, 68]. This allows us to have control
over the state of the protein. We can keep the protein with the sodium
dithionite to prevent oxygen bonding (stay in DMb state), in order to get
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Figure 3.9: Partial view of the nanodisc model with diameter 100 nm and thick-
ness 20 nm. The EM wave propagates in the x direction. The near field extinction
was integrated over the surface of the inner sphere.

pure OMb state we need to run the protein through a gel chromatography
to separate it from the dithionite salt (assuming that the environment is CO
free). In the microfluidic chamber we can remove the dithionite by flushing
the chamber with clean buffer solution. Regardless the process, the end state
of detection is the COMb state. From the COMb state we can transition back
to the inactive metMb form by aplying an oxidation agent, for example a low
concentration of ascorbic acid solution or acidic buffer. The DMb and OMb
are genuinely time unstable and spontaneously oxidate to the metMb form
and become inactive, therefore while making long lasting sensing chip we
need to repeat the reduction step or keep the chip in buffer with pH above
7.4 (basic).

3.4 Simulations

The development of a plasmonic nanostructure based sensor is experimentally
complex and requires a lot of work and resources. The possibility of using
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computer model and simulation provides recently a cheaper and more con-
venient option for parameter scanning. With use of theory we can create
a model of sphere or nanodisc structures of any shape, size and material.
The simulation for our experiment were done in the COMSOL multiphysics
program. With the module for wave optics we calculated extinction cross-
section of the nanodisc model with diameters 100 and 70 nm and heights
20 and 40 nm. The program utilizes finite element method in order to solve
the differential equations for EM wave with the boundary conditions of the sys-
tem. The particle model (fig. 3.9) consists of multiple layers. The inner disc
is gold material from the COMSOL library. And the outer media is defined
by the constant refractive index followed by multiple perfectly matched lay-
ers (PML) of the same properties. The disc can be optionally surrounded
by a thin layer of absorbing media simulating the protein layer. The layer
of 5 nm (thickness estimated from the protein dimension) was modelled with
the permittivity calculated via Krammers-Kronig relations and measured
absorbance data. To avoid the sharp edge effects the edges of the disc were
smoothed with the radius of 5 mm. The meshing is tetrahedral with higher
density to the edges of the disc to have more precise data at the points
of interest.
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Chapter 4
Results and discussion

The proposed methods require a lot of experimental optimization and careful
analysis. Many experiments were carried out and the example data with
the analysis procedures are shown. The discussion is then provided taking
in consideration all the results. The discussion is made for each of the im-
portant procedure steps and for each of the methods separately. Changes
and improvements for further research are proposed.

4.1 Simulations

We have already mentioned that the simulations can be a powerful tool to save
time and resources during the experiment. To ensure that the numerical
results are corresponding with the theory, an example simulation of plasmonic
particle was calculated. An extinction cross-section of 100 nm golden sphere
can be calculated by the finite element method in COMSOL via general
equations describing a scattering particle (eq. 1.25, 1.27 on page 12) as
well as directly from the analytical formula given by Mie theory (eq. 1.30b
on page 13) evaluated by Matlab. The model was calculated for two different
indices of refraction of the surrounding media and the resulting extinction
cross-sections (fig. 4.1) are showing difference smaller than 1%. The small
difference is mostly due to intensity changes out of the resonance peak area.

The analytical results are only available for basic geometries; therefore
the further extinction cross-section of the disc models can be only calculated
via the direct solving of equations by the finite element method. The results
of those simulations will be shown in the sections with the corresponding
experimental results.

4.2 Homogeneous assembly

4.2.1 Principle

For the methods utilizing the colloid as the mask, it was necessary to create
a homogeneous assembly of polystyrene/silica beads on the sample surface.
The homogeneity of the random assembly ensures that the particle interaction
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Figure 4.1: Extinction cross section of a 100 nm gold sphere calculated by COM-
SOL and evaluated by Matlab from Mie theory. The solid lines show the theo-
retical results for two different indices of refraction of the surrounding media; 1
for air and 1.5 for glass. The dashed lines show results from the finite element
calculations in COMSOL for the respective environments.

is reduced and there is no constructive crosstalk caused by arrays interaction
or coupling. The substrates were prepared with a positively surface charge
mediated by the PDDA polyelectrolyte1. The beads are dispersed in a solution
and are surface functionalised by the COOH group, which dissociates in water
into COO− (and H+). The particles are repelling each other and simulta-
neously they are spontaneously attracted to the positively charged surface
of the substrate. This way we can ensure homogeneous distribution with high
stability during further procedures.

To optimize the process, the following parameters were varied: ozone
plasma treatment time, concentration of PDDA polyelectrolyte, weight con-
centration of 100 nm PS nanoparticles in water (span from 0.5 wt% to 0.0005
wt%) and time of deposition of nanoparticles (1, 2 and 5 minutes). Dur-
ing polystyrene beads deposition, samples were always completely covered
by solution droplet of volume 200 µl.

4.2.2 Analysis

The homogeneity of the resulting layer was first examined by the dark field
imaging for higher concentrations of PS spheres (fig. 4.2). From observations
made during the experiments, the importance of proper removal of beads not
attached to the surface by rinsing is obvious, due to prevention of the coffee
ring effect [69]. The rinsing has been therefore applied to each of the further

1Detailed description of the procedures are described in section A.1on page 65
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(a) : Washed

(b) : Washed and rinsed

Figure 4.2: Effect of water rinsing on the sample covered with layer of 100 nm PS
beads deposited from 0.5 wt% water solution. Before the deposition, the substrate
was pre-treated for 5 minutes in ozone cleaner and then exposed to 0.2 wt%
solution of PDDA.

on prepared samples, in order to ensure its optical homogeneity.
At closer inspection by AFM we could study the homogeneity on smaller

scale. This type of measurement would not be representative for the whole
sample if the sample would not be homogeneous at larger scales. The ho-
mogeneity on smaller scale was determined by the nearest neighbour dis-
tance (distance from centre to centre of closest particle). The final quality
of the structure is quantified by an aggregation of particles (%) and the den-
sity of particles (bead/µm2). Both of these parameters were extracted from
the topography of the samples with deposited beads. Topography scans
were processed in open source program Gwydion [published in 70]. Data
were levelled with subtracting a tilted plane in order to have zero height
of background. Particles were localized by overlapping of two filters. Water-
shed method was used in order to distinguish particles close to each other
(fig. 4.3a). Threshold method was applied with two parameters; diameter
of the particle (to eliminate the particles smaller than 5 nm in diameter caused
by errors in AFM measurement) and height (to eliminate the phantom parti-
cles found by the watershed on the background level); step shown in fig. 4.3b.
Coordinates of the centres of particles were exported (4.3c) and processed
in Matlab into histograms stating the nearest neighbour distance (fig. 4.3d).
The nearest neighbour distance is than used to calculate the aggregation
of particles. The particle is marked as aggregated if the surface of another
particle is closer than 25 nm. This distance is in the nearest neighbour graphs
125 nm as it shows the measurement between the centres of the particles.
The condition is visualized by crosses in fig. 4.3c. The density of particles is
simply derived from the total amount of particles divided by the area.

In order to optimize the final aggregation and density parameters, a series
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(a) : AFM image with the mask (blue)
created by the watershed method.

(b) : AFM image with the mask (blue)
after applying the threshold level.

(c) : The plot based on central coordi-
nates exported from the Gwydion analy-
sis. The particles marked by cross have
nearest neighbour within the 125 nm dis-
tance and are considered as aggregated.

(d) : Nearest neighbour distance based
on central coordinates exported from
the Gwydion analysis. The first peak
around 0.1 µm corresponds to aggregated
particles.

Figure 4.3: Sample with 100 nm PS beads in concentration of 0.05 wt% for 2
minutes, previously treated 5 min in ozone cleaner with 0.2 wt% of PDDA.
Aggregation is 44% and the density 18 bead/µm2.

of samples was prepared differing in the deposition time and the PS beads
concentration. Starting at higher concentrations (fig. 4.4) we can observe
high aggregation (the sample corresponds to the one shown on the dark field
image in fig. 4.2b), so we are sure that optical homogeneity is not necessarily
transported to smaller scale. The majority of the particles are aggregated
presumably due to the high concentration of the solution. With decreasing
concentration (other parameters fixed), we can observe less aggregation
(fig. 4.3d; the example case for the analysis). A similar effect is observed
also with the variation of the PS beads deposition time (data shown only
in the summary table 4.1).
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(a) : The plot based on central coordi-
nates exported from the Gwydion analy-
sis. The particles marked by cross have
nearest neighbour within the 125 nm
and are considered aggregated.

(b) : Nearest neighbour distance based
on central coordinates exported from
the Gwydion analysis. The first peak
around 0.1 µm corresponds to aggregated
particles.

Figure 4.4: Sample with 100 nm PS beads in concentration of 0.5 wt% with 1
minute deposition time, previously treated 5 min in ozone cleaner with 0.2 wt%
of PDDA. Aggregation is 94% and the density 28 bead/µm2.

Table 4.1: Comparison of aggregation and density for different sample pa-
rameters. In the results from 1 minute deposition time, we can see the effect
of increasing density of PS beads. The results for concentration 0.0005% then
offer comparison for the different deposition times. The * shows result of the same
processes on the PMMA layer. The step of shaking during the deposition was
added, resulting into denser, less aggregated assembly.

Deposition [wt%] 0.5 0.05 0.005 0.0005 0.0005 0.0005 0.05 0.005
time [min] 1 1 1 1 2 5 2* 2*

Aggregation [%] 94 44 14 2.5 2.8 7 35 1
Density
[bead/µm2]

28 18 7 2 2.6 3.3 21 6

The optimization of the aggregation is easily achieved by lowering the con-
centration of the PS beads solution, but by lowering this parameter the density
decreases as well. Low density is not preferable for the final structure, as it is
directly connected to the strength of the plasmonic response. For the final
structures, we must therefore balance the parasitic plasmonic response caused
by aggregation and the total strength of response provided by the sufficient
density of the desired plasmonic structures.

The same processes were then tested on substrates for the hole-mask
lithography. The material on which we deposit the beads is now poly(methyl
metacrylate) − PMMA coated glass (fig. 4.5). In order to acquire comparable
results, we needed to increase the ozone cleaner treatment time to 10 minutes.
The lower efectivity of the ozone cleaner may be caused by the different
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(a) : The plot based on central coordi-
nates exported from the Gwydion analy-
sis. The particles marked by cross have
nearest neighbour within the 125 nm
and are considered aggregated.

(b) : Nearest neighbour distance based
on central coordinates exported from
the Gwydion analysis. The first peak
around 0.1 µm corresponds to aggregated
particles.

Figure 4.5: Sample with 100 nm PS beads in concentration of 0.05 wt% with
1 minute deposition time on PMMA layer, previously treated 10 min in ozone
cleaner with 0.2 wt% of PDDA. The sample was shaked during the PS beads
deposition. Aggregation is 35% and the density 21 bead/µm2.

surface behaviour of the polymer in comparison to glass, where the procedure
gives reliable results. A new procedural step of shaking during the PS beads
deposition was tested, resulting in higher density of the structure with lower
percentage of aggregation.

In further depositions, the following parameters were used: 0.2 wt%
of the PDDA solution, deposition of PS bead solution with 0.05 wt% concen-
tration for two minutes and shaking during the deposition. The sonication
of the beads was additionally introduced for possible reduction of the ag-
gregation of the beads before deposition. The chip was rinsed with flowing
distilled water2.

4.3 Gold deposition and thin film measurement

The mask process for manufacturing plasmonic nanostructures and thin
films always contains the step of gold deposition. In the experiment we
used PVD method of vapour deposition. The working vacuum was provided
by a combination of a rotary pump and a diffusion pump (10−3Pa) or by
a turbomolecular pump (10−5 Pa) depending on the available equipment.
The gold was vaporized by ohmic heating in a small filament boat connected

2This is the first time in the process where once distilled water is used. The previous
steps were dealing with surface charges, so the use of Mili-Q water is necessary to prevent
neutralization.
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............................ 4.3. Gold deposition and thin film measurement

Figure 4.6: Attenuated total reflection of the calibration gold layer. Data
measured with 2θ goniometer setup and He-Ne laser of λ= 632.8 nm in p polari-
sation.

to the electrodes with high current. As an adhesive layer under the plasmonic
gold layer, the layer of chromium or titan in thickness around 4 nm was evap-
orated. Chromium and titan interfere slightly with the plasmonic properties
but the benefit of enhancing adhesion of the gold overweights the drawbacks3.

The PVD system needed to be calibrated in order to ensure the deposition
of a layer of desired thickness. The control over the amount of deposited
material is ensured by crystal resonator, which changes natural resonation
frequency linear with the weight change during the deposition. By depositing
and measuring the thickness of a calibration layer, we can determine the cali-
bration coefficient ce in between the thickness d and the change of oscillation
frequency of the crystal ∆f .

d = ce ·∆f (4.1)

The calibration layer was tested by two methods. The first method utilizes
the plasmonic properties of a gold layer. Attenuated total reflection method
(ATR) is used for measuring angle θ reflectivity dependence of a gold layer
in a 2θ arrangement. The layer parameters thickness d and permittivity ε′,
ε′′ are then fitted according to the theory utilizing Fresnel equations [see 71].

The measurement can be seen in fig. 4.6 and the corresponding fitted
parameters are in table 4.2. We can notice that the resulting value of ε′

and ε′′ are different from the bulk values from literature. The fitted values
difference is showing the quality of the golden layer. The smaller value of ε′ is

3The higher stability achieved by the adhesion is mostly visible in possibility to reuse
and clean the samples for measurement. The plasmonic chips were cleaned in ultrasound
bath repetitively to perform different protein measurements.
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4. Results and discussion......................................
Table 4.2: Parameters resulting from ATR data fit and literature data
for 632.8 nm of bulk gold [taken from 30].

Fit Value Literature Value
ε′ -9.1 ε′l -11.685
ε′′ 3.1 ε′′l 1.267
d 488 Å

genuinely making the plasmonic exchange less effective as it influences the dis-
persion relation [see 72]. The dispersion relation depends also on the thickness
of the layer [see 73]. The difference in the bulk and layer is not a mistake
in the measurement/fit, but it naturally arises from the quality of the layer,
which is mainly given by the purity of the material. The working vacuum
of 10−3 Pa is on the edge of high vacuum level, this can result in unknown im-
purities occurring in the gold layer and possible contamination by the adhesive
material.

To sum up the result of the calibration - the sample was evaporated with
frequency change ∆f = 2.96 Hz. The fit has determined the thickness of 27
nm, leading to a calibration coefficient ce1 = 16.48 nm·s which is stating
the thickness deposited per 1 Hz change of the crystal resonator frequency.

For comparison, the second method used a non-optical method of SAX
reflectivity. The sample is irradiated by Cu K-alpha X-rays (1.54Å) and the re-
flectivity under a small angle in 2θ setup was measured (fig. 4.7). The data
were fitted by the GenX program [74], where the important parameters fitted
were the thickness dAu,Cr of both Au and Cr layers and the roughness σ
of the interface (table 4.3). The most important parameter for the thickness
of the layer are the angular differences ∆θ between the neighbouring maxima
[theory from 75].

The SAX method does not look at all at the optical properties of the mate-
rial. The impurities in the film are represented by the roughness σ and the den-
sity of the material. The density fit was calculated as well, but the value did
not differ from the table value within the stability of the fit. The resulting
calibration coefficient ce2 = 14.36 nm·s differs 13 % from the ce1 = 16.48
determined by the ATR data fit. The difference is not significant and is
caused by different fitting according to different theories.

In the deposition for further plasmonic nanostructure we have chosen
∆f = 1.5 to achieve the thickness of the gold slightly over the 20 nm.
According to ce1,2, the structure should have 24.72 nm from the plasmonic fit
and 21.5 nm from the SAX fit.

From the AFM analysis (fig. 4.8, 4.9) of one of the resulting structures
with deposition parameter ∆f = 1, 524, we can say that the resulting depth
was 24 nm with 1.2 nm roughness. If we count that the AFM imaging is
providing the most relevant results, the calibration expected value was 4.6 %
higher for ATR and 8.3 % lower for SAX calibration.
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Figure 4.7: The fitted data from SAX measurement in 2θ arrangement from
the same sample as used for ATR.

Table 4.3: Parameters resulting from XRD data fit.

Fit Value
dAu 425 Å
dCr 21 Å
σ 12 Å

4.4 Inverse colloid mask lithography

After the calibration gold deposition we can use the optimized parameters
for the homogeneous assembly to produce the inverse disc structure. The glass
substrate was adequately cleaned and charged negatively by a bath in diluted
chromic acid cleansing mixture4. The positive charging is then mediated
by PDDA polyelectrolyte. The 100 nm polystyrene COO− charged beads
were used.

Resulting structure was analysed by the AFM microscopy (fig. 4.8a, 4.8b)
and the transmission absorption spectra was measured (fig 4.10). The layer
was evaporated based on the calibration process and the thickness of the layer
determined from the cut of the AFM image (fig. 4.9). The obtained value
was determined to be 24 nm with the root mean square roughness of 1.2
nm (determined by the Gwydion analysis). The mean square of roughness

4The process is used instead of previously described process with ozone cleaner A.1 due
to the inaccessibility of the equipment.
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(a) : AFM image of the struc-
ture produced by inverse colloid
mask lithography. The line 1 is cut
through the data and it is shown
in graph 4.9. We can also no-
tice the slight roughness of the sur-
face visible as lighter spots within
the height around 30 nm.

(b) : 3D projection of the same AFM image (a)
turned by 120° to give an insight into a struc-
ture of the edge holes. The roughness (1.2 nm)
is also noticeable. Note that the x,y and z
axis are far from equal. The reducing diam-
eter of the holes from the surface is caused
by the convolution with the tip.

Figure 4.8: The AFM analysis data from inverse colloid mask structure.

Figure 4.9: The example profile of the cut along the line 1 in fig. 4.8a. From
the data we determined the thickness of the layer to be 24 nm with the mean
square of roughness 1.2 nm. The diameter of the hole can be determined from
the height around y = 20 where the convolution of the tip with the sample is
negligible and the obtained value is slightly under 100 nm.

is corresponding to the GenX fit of roughness (12 Å) of the previous layers
deposited by the same machine. The expected thickness calculated from
calibration was 4.6 % higher for ATR and 8.3 % lower for SAX calibration.
We can also see that the diameter of the holes is not homogeneous, the average
diameter of the hole is 100 nm and standard deviation 20 nm (not considering
aggregations). The change in diameter can be caused by the uneven deposition
of the gold.
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Figure 4.10: Absorption spectra of the hole structure measured in transmission
mode in reference to air. We can observe wide peak caused by the inhomogeneity
of the hole diameter with high background (0.7) corresponding to absorption
of the 24 nm golden layer itself.

The inhomogeneity of the hole diameter strongly influences the quality
of the spectra (fig 4.10). The absorption spectra is very broad due to the high
amount of structures with different positions of the absorption maxima.
We can notice the main peak around 680 nm which corresponds to the disc
structures of the same diameter (fig 4.21 on page 50). The very broad spectrum
and high background absorption is problematic for the use in the plasmonic
sensor. We need to be able to locate and track the absorption maxima
precisely, which becomes harder with broad spectra.

4.5 Hole-mask lithography

For the hole-mask lithography we used substrates with the PMMA layer5.
The homogeneous assembly of 100 nm PS beads was created with the opti-
mized procedure parameters; taking in consideration the prolonged oxygen
treatment time of the PMMA layer. As the covering mask over the beads,
the adhesive Ti layer and Ag layer was evaporated in total thickness of 30 nm.
The tape stripping of the beads from the surface was performed and the in-
spection of the stripped chips was done by both SEM and AFM. In fig. 4.11,
we can see the differences between areas unaffected by the tape stripping
and stripped areas. The effectiveness of the tape stripping was less than
100%. To ensure that most of the sample is stripped, the process was repeated
multiple times for each chip. We must be cautious not to strip the whole metal
layer while it is exposed to the repetitive stress by tape stripping. The tape

5The preparation process is described in detail in section A.1on page 65.
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Figure 4.11: SEM images of tape stripped sample. The completely removed
area (top) and partially stripped area (bottom).

Figure 4.12: AFM scan of tape stripped sample with the area of completely
removed metallic layer. The hole structure is visible on the right side of the sample
scan.

stripping should be done continuously and slowly to prevent the layer damage;
stripping of the mask layer (fig. 4.12). We can also notice inhomogeneity
in the size of the particles. The inhomogeneity is noticeably lower than
for the inverse colloid mask method. The layer was evaporated on different
instruments and particles from the same company were used. Therefore,
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Figure 4.13: Profiles cuts along the lines 1, 2 and 3 in fig. 4.12.

Figure 4.14: The profile of the interface from fig. 4.12 after O-RIE. The thickness
of 170 nm of PMMA was etched. The mask surface shows high disruptions
caused by etching.

we can say that the higher inhomogeneity was mostly caused by the used
instrument.

When we look at the cuts from the stripped areas, we can measure
the real thickness of deposited metals and the holes left after PS beads
(fig. 4.13). The topography measurement gives the total deposited layer
thickness of 30 nm. We can see that the depth of the holes is not measured
precisely due to the convolution of the tip with the topography.

Hole mask is then prepared by oxygen reactive ion etching (O-RIE)
for one minute at the power 128 W. After etching, the AFM inspection
was made, and the key problem of the process appeared. On the areas where
the PMMA layer was not covered by the mask, the etching was homogeneous
up to the glass surface as expected. Within the silver mask, oxygen plasma
caused severe disruption in the mask surface and growth of silver oxide.
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4. Results and discussion......................................
Fig. 4.14 shows an AFM measurment of the uneven surface of the mask.
Roughnes of the surface is around 100 nm.

With such destroyed mask the process could not continue. We propose
further change of the protocol by exchanging the silver mask layer for some
more resistant metal or change the method of etching.

4.6 AFM mask lithography

AFM mask lithography utilizes the sacrificial layer principle together with
AFM lithography. Special substrates were made to test the new technique.
The sacrificial layer of PMMA on a glass wafer was covered by 3 nm of titan
and 20 nm of gold. The substrate wafer needed to be covered with a varnish
in order to be cut in smaller chips6. The varnish needed to be removed properly
from the chips in order to ensure a reproducible lithography process. During
the varnish removal process in the ultrasound bath, the gold layer detached
due to its insufficient adhesion to the PMMA layer. More gentle method with
only submerging the substrates into the solvent have not prevented the layer
detachment. To avoid the varnish removal process before performing the AFM
lithography, new method for creating substrates was necessary. The substrates
for hole-mask lithography were cleaned and the golden layer with titanium
as adhesion layer was evaporated over it. With the surface prepared in such
way, the lithography could be executed. Patterns were indented into the layer
by AFM probes with 10 nm radius at the tip. The AFM lithography mode
works with the parameter of z-shift corresponding to movement of the tip
closer to the sample than the distance for the contact mode. A set of holes
with increasing z-shift was indented. Three arrays with increasing z shift
were produced using the same tip (fig. 4.15).

We could estimate approximate depth of holes from the AFM picture
made by the same tip (fig.4.16) It is obvious that the measured depth is
not the real one, because of convolution in between the sample surface
and the tip. The dependence is linear in the tested range, so we can conclude
that the material is soft enough and does not bend the cantilever. We can
use the upper estimate limit and conclude that the approximately 150 nm
z-shift can penetrate the 20 nm golden layer. Another estimate of the depth
of the hole can be made from the shape of the tip set by the producer. The tip
should have 10 degrees cone angle at the apex. From the hole size of 100 nm
for 100 nm z-shift, we can conclude that also smaller z-shift values should
penetrate the golden layer.

Knowing the approximate z shift in which the indentation could be done,
the protocol for the AFM instrument Nanoscope 9 with the lithography mode
Nanoman was prepared. The AFM device was set into highest resolution
of 3200 lines on 80µm scan size, resulting in the step size of 25 nm. A mesh
of holes with different spacing was created in Matlab and the annotations
were added (fig. 4.17).

6The process is described in detail in section A.1on page 65.
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(a) : From left: 50 nm z-shift (x ∼ 0, 25µm), 75 nm z-shift (x ∼ 1.51µm), 100 nm
z-shift (x ∼ 2.8µm)

(b) : From left: 125 nm z-shift, 150 nm z-shift, 175 nm z-shift

(c) : First row: 200 nm z-shift, 225 nm z-shift, 250 nm z-shift. Second row: 275 nm
z-shift, 300 nm z-shift, 325 nm z-shift

Figure 4.15: AFM image of the indented holes prepared with the increasing
parameter of z-shift (from left to right). All images have same scale.

Figure 4.16: Depth of holes from fig. 4.15 and from further not displayed data.
Depth determined by Gwydion from the AFM topography.

The holes are not visible under the DF microscope but we can make
an AFM image of the area to observe the array (fig. 4.18). We can see that
the programmed spacing in between the holes is not completely uniform, be-
cause the smallest step the machine can make did not match the programmed
spacing.

Afterwards the samples were etched by oxygen RIE and the gold was
deposited. But after the lift off no structure was found on the sample.
This might be explained in several ways. The holes were not deep enough
in order to etch the PMMA; or we did not etch the PMMA deep enough
and the resulting structure was lifted off with the remaining polymer.
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50/125

75

100

Figure 4.17: The AFM indentation protocol with annotations. Left: The scheme
of the AFM indentation protocol. Three sets of holes with annotation of different
z shift could be produced at one place. The blue square shows the area where
the holes are indented. Right: DF image of indented holes with annotations
(50, 75, 100), the holes (right from the annotation) are not visible in the DF
microscope.

Figure 4.18: AFM image of indented holes for the z shift of 100 nm. The top
row with 150 nm spacing up to the bottom row with 75 nm spacing.

In possible further development of this technique, the step size and other
important parameters of the AFM machines should be considered. The
current procedure is working with the program and machine Nanoscope from
company Bruker and is not necessarily implementable to other machines or
software. The AFM lithography procedure also takes longer times (in range
of hours for one sample) than deposition for other colloid mask methods
(hour for whole batch of 12 samples). Such a times are in same range as
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Figure 4.19: The resulting structure of colloid lithography. Left: AFM image
of resulting structure from the colloid mask lithography. Right: The NND
analysis of the data shown 15 % aggregation and density of 18 beads/µm2

for the electron beam lithography. The precision of this method is much
lower than of the electron beam lithography as it depends on the tip size
and many other procedure and machine parameters. From this reason we
would not recommend further development of this method for neither large
scale nanoparticles manufacture as well as study of precise coupled plasmonic
systems.

4.7 Colloid mask lithography

The process of colloid mask lithography underwent a lot of changes dur-
ing the experimental process. First we used the pre-made substrates with
3 nm titanium and 20 nm gold with varnish. The samples were cleaned
and the 100 nm polystyrene beads were homogeneously distributed over
the whole sample. The gold layer was etched with argon etching. Param-
eters for argon etching were: voltage 400 V, power source 150 W, etching
angle 90° for 15 seconds and 80° for 20 seconds. The resulting structure
can be seen in fig. 4.19. The analysis shown homogeneous distribution with
15 % aggregation and 18 beads/µm2 which is a noticeably improved result
concerning the optimization of parameters from table 4.1. After the etch-
ing, the rest of the PS beads should be removed by the ultrasound bath
in acetone or tape stripping. This was not possible due to the melting and in-
terlinking of the polymer during the etching process, making it more resilient
and adhesive to the disc. The structure from fig. 4.19 was therefore covered
by the polystyrene cap. The cross-section of one particle from the AFM
topography can be seen in fig. 4.20. At the cut we can also see that the diam-
eter of the resulting structure is around 140 nm (approximated by Gwydion
[70] grain analysis using the diameter of the equivalent circle). The possible
use of such structure for sensing is impaired by the significantly smaller area
of gold exposed to the specimen. This cap can be prevented by the use of
silica glass beads and finalizing the structure with tape stripping.
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Figure 4.20: The profile of cap covering the golden nanodisc. Nanodisc has height
of 20 nm, molten polystyrene bead is forming 80 nm high cap. The diameter
of the disc was estimated by Gwydion to 140 nm.

Figure 4.21: Optical absorption of the single gold nanodisc covered
by the polystyrene cap left after the etching. The raw spectral data were
taken in setup for dark field microscopy (single particle measurement) with
spectrometer.

The single particle absorption spectra of the polystyrene caped disc is
shown in fig. 4.21. The absorption was calculated according to the formula
2.2 on page 19. All of the quantities were obtained from measurements.
We can see that the centre of the peak is in the red spectral region around
670 nm. The spectra has a large noise to signal ratio, which is caused
by low intensity in the single particle measurement. For the measurement
in microfluidics we can expect a further red shift in the spectra due to higher
refraction index of water which is usually the medium containing the protein
specimen.

To prevent the formation of the cap, we used silica beads in further
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Figure 4.22: The AFM topography of the disc created by the colloid mask
lithography. The 100 nm silica beads were used as a mask on 20 nm gold layer,
resulting in disc with the diameter of 120 nm and the height of 20 nm.

Figure 4.23: The transmission measurement data necessary to calculate
the absorption of the plasmonic nanostructures. The lamp reference spectra
and the transmission spectra of the disc structures with mask sizes: diameter
100 nm and thickness 20 nm and diameter of 70 nm and thickness of 40 nm.

experiments. The silicon oxide does not melt during the etching process
and can be easily stripped by the adhesive tape. The nanostructures for further
sensing were produced in two sizes:. Diameter of 100 nm, height of 20 nm (100/20). Diameter of 70 nm, height of 40 nm (70/40)

Another combinations of the diameter and the ratio could be produced via
the same procedure, varying only the thickness of the gold layer and the par-
ticle size. The disc structure (100/20) made with silica beads can be seen
in fig. 4.22. The discs created by this method is 20 nm smaller in diameter
then the one utilizing the polystyrene beads (the same size and the same
procedure parameters were used). This effect is to be assigned to the melting
of the polystyrene during the etching process so it effectively creates a larger
mask. The disc created by silica beads are now suitable for measurements
in the microfluidic or other chamber. The source for the transmission setup
was a halogen lamp. Before the measurement the parameters of the lamp
and spectrometer were optimized to get the highest possible signal. The spec-
tra of the lamp (fig. 4.23) covering whole spectral region in which the discs
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Figure 4.24: Absorption of two types of disc nanostructures. The black solid
line corresponds to the disc created using 100 nm beads and 20 nm of gold.
The green dashed line corresponds to the 70 nm beads and 40 nm gold layer.

can be tuned. The transmission measurements of the two disk variants
are depicted in the same graph (fig. 4.23). The data was used to calculate
the absorption according to the formula 2.2 on page 19. The dark current
of the camera was interpolated from the spectra values out of the spec-
tral range of the lamp. The resulting absorptions are shown in fig. 4.24.
In the further microfluidic measurement we utilize the fit of the absorption
peak and track the shift of its centroid [46].

4.7.1 Stability of the structure

One of the motivations to create the plasmonic nanostructures by the mask
method was to increase the stability and reusability of the sensor chips.
The stability against mechanical wear is compared to the chips with plas-
monic particles dispersed from the colloid, a method currently used for lo-
calised plasmon sensing. The mechanical wear of the chip is usually caused
by the sealing of the microfluidic chambers, cleaning of the chip between
measurements and the flow of the liquid in the chamber itself. For an example
case, a chip of each kind underwent 5 times tape stripping, simulating the wear
caused by removing the sealing from the chip. The example case can be seen
in fig. 4.25. The chip Q1 (left) contains 60 nm golden plasmonic nanospheres
deposited from colloid with plasmonic peak around 540 nm. The second
chip is the 100/20 disc structure prepared by colloid mask lithography. It
is visible by bare eye, that the structure from the Q1 chip is almost com-
pletely removed by the process. It does not further provide sufficient signal
for the measurements. The 100/20 lithography structure is not noticeably
damaged. After the process the absorption of the chip is decreasing only
in order of percent by each use; therefore, it can be used multiple times.
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Figure 4.25: The picture of the chips used for localized plasmon resonance sens-
ing. "Before" and "after" images show the example of mechanical wear of the chip
by sealing of the microfluidic chamber simulated by tape stripping process.
The Q1 chip with golden nanoparticles deposited from colloid and the 100/20
structure produced by the colloid mask lithography.

Table 4.4: The summary of fitted centre values of the simulated extinction
cross-sections (S) and measured absorption (M) peaks. The mixed environment
estimation value (E) is originating from the single environment simulations
assuming symmetry of the model.

Centre of the absorption peak [nm]
Disc S.

air
S.

water
S.

glass
E.

air/glass
E.

wat/glass
M.

air/glass
M.

wat/glass

100/20 579 690 752 665 721 674 714
70/40 528 583 - - - 623 -

The final protocol for producing nanodics by colloid mask lithography can
be found in appendix A.2 on page 68

4.7.2 Simulation comparison

Before we move to the measurements in microfluidic chamber in real time,
we shall examine what is the expected response of the structures calculated
by the simulations. The extinction cross-section of golden disc model (as
introduced in section 3.4 on page 31) was calculated for two different media;
air with n = 1 and water with n = 1.33. Two possible sizes of the disc (100/20
and 70/40) were simulated (fig. 4.26). The most important is the red shift
of the resonant peak due to the change of the refraction index (generally
the permittivity) which will allow later calculation of the sensitivity of the disk
to the refraction index. We may notice that the disc 70/40 has approximately
three times lower extinction for both environments. This is caused by the size
of the disc. This effect is levelled in the measurements due to the higher
densities of the smaller discs assembly7.

For the simulation, the disc is fully surrounded by the media, which is only
an approximation of the real structure. In reality the structure is always
in contact with the glass substrate. Assuming that the glass has n = 1.5,

7The homogeneously distributed assemblies of the 70/40 discs were showing densities
around 40 beads/µm2 and aggregations up to 10%.
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Figure 4.26: The simulated extinction cross-sections of discs with sizes 100/20
(solid) and 70/40 (dashed). The simulation was performed in the two en-
vironments with constant refraction index; air n = 1 and water n = 1.33.
The simulation shows red shift for the media with higher value of n.

Table 4.5: The sensitivities for the simulation of the 100/20 discs fully surrounded
by one media.

Media air − water air − glass water − glass
Sensitivity [nm/RIU] 336 346 364

we can expect red shift of the structure resonation peak. The summary
of simulated (S) and measured (M) structure resonance peak is in table 4.4.
For the disc 100/20, the simulation in purely glass environment was addition-
ally calculated. Using the additional information, we can calculate a closer
approximation of the real disk on the glass wafer using the symmetrized
approximation and estimate that resonant peak will be at average of the cal-
culated values (estimate values noted by E.). This estimate gives us only
the position of the peak, information about the other parameters and shape
of the absorption profile is not accessible.

From the simulation we can additionally calculate the sensitivity of the disc.
The sensitivity is measured in nanometres per refractive index unit (nm/RIU)
and is calculated from the positions of the centre of the peak R in the different
media

S = R1 −R2
n1 − n2

= ∆R
∆n . (4.2)

For the 100/20 disc simulations, we can calculate sensitivities for different
surrounding media. The sensitivities for the disc fully surrounded by one
medium are in the table 4.5. The values are comparable within the accuracy
of the model which shows the linearity of the sensitivity in the region of exam-
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Figure 4.27: Example of calibration measurement performed with the 100/20
disc structure. The mili-Q water and PBST buffer with ∆n = 0.0017 were
pumped into the system in 120 seconds intervals. Structure sensitivity was
estimated to 362 nm/RIU.

ined n values. For the 70/40 disc the sensitivity is 167 nm/RIU. Calculating
the sensitivity from the measured data we need to take into consideration
that only part of the disc is influenced by the ∆n (three media influence
the disc). The sensitivity calculated by the eq. 4.2 is 121 nm/RIU. This result
is not correct due to the three media system sensitivity not being possible
to approximate by one media sensitivity for large ∆n.

4.8 Microfluidic calibration measurement

The next step towards the ability to perform protein measurement with
the disc structures is to test them in the microfluidic chamber system. To en-
sure that the structure is suitable for the protein measurements, series of cali-
bration measurements is performed and stability of the signal tested. Calibra-
tion is than performed before every experiment to ensure the correct scaling
of ∆R to ∆n. The calibration process uses two fluids of known constant
refraction index (measured on refractometer right before the calibration). For
the calibration purposes are generally used the same liquids as we would
in the following experiment. Our test was performed with mili-Q water used
to flush and clean the chamber and PBST (Phosphate Buffered Saline) buffer
which is widely used for the protein measurements. The microfluidic chamber
measurement works with live data processing to show the current position
of the peak centre (centroid) to provide overview over the current situation.
The pump than pumps the desired liquids to the chamber. The speed of pump-
ing and source of the liquid are preset by the user in the measurement settings
(form of a script). The data are than saved in raw spectral form allowing
post-processing and further data analysis. The example of the calibration
performed with the disc structure (100/20) is shown in fig. 4.27. The PBST

55



4. Results and discussion......................................

Figure 4.28: The calibration measurement example performed with the 60 nm
spheres structure. The mili-Q water and PBST buffer with ∆n = 0.0017 were
pumped into the system in 360 seconds intervals. Structure sensitivity was
estimated to 139 nm/RIU.

Table 4.6: The summary and comparison of measured parameters of two sample
types. The λ - wavelength is the approximate position of the absorption peak.
Sensitivity span is estimated taking in consideration multiple measurement with
the same structure. The noise is calculated as deviation from mean value of static
measurement. The value of error is calculated from noise divided by averaged
sensitivity.

Sample λ [nm] Sens. [nm/RIU] Noise [nm] Error [RIU]
60 nm Spheres 541 130−140 0.008 6 · 10−5

100/20 Discs 714 360−370 0.024 7 · 10−5

buffer with n1 = 1.3343 and mili-Q water with n1 = 1.3326 were pumped
in 120 seconds intervals to the chamber. The Sensitivity is then calculated
using mean values of signal for different refraction indices. The sensitivity was
determined to be 362 nm/RIU for this measurement. This value corresponds
to the estimate (352 nm/RIU) based on the simulated data. The value
is also noticeably higher than the estimate from the measurement based
on large ∆n (121 nm/RIU) which confirms that the sensitivity for the three
media system cannot be approximated linearly for large ∆n. To compare
the quality of the disc structures to the usually used particles (same as
the comparison of mechanical stability) equivalent calibration was performed
(fig. 4.28). The signal and sensitivity are the only parameters accessible during
the measurement. To obtain more information about the structure, we need
to examine the noise of the measurement. The summary made from analysis
of multiple measurements can be seen in table 4.6. The disc structures were
showing overall higher values of sensitivity as well as noise. The noise is
calculated from measurement with no flow in the chamber. The important
value to compare is the order of error in RIU (noise/sensitivity), which was
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Figure 4.29: Structure with beads deposited by method of microarray plotting.
The dark field microscopy image (left) is showing one of the droplets made with
solution with concentration of 0.05% wt of silica beads. The AFM image (right)
shows the distribution of the beads in the middle of the spot.

for both types of structures 10−5 RIU. This value is comparable with other
published SPR and LSPR measurements, which can vary from 10−3 to 10−6

[see 76]. With this knowledge we can safely say that the structures prepared
by colloid mask lithography are generally as good or better than the previous
methods; providing the same sensitivity on more mechanically stable chips
with possibility of multiple use.

4.9 Microarray plotting

We have already shown that the colloid mask lithography can produce chips
suitable for microfluidics measurements. So far we were able to create struc-
tures on the whole area of the chip and utilize them for one channel microfluidic
measurement. The method of microarray plotting can be combined with
the colloid mask lithography. This combination brings more stable sensors for
the multichannel measurements. Two methods how to combine the methods
were proposed in section 3.1.5 on page 27. Both of these methods were tested
to create such a microarray. The first method utilizes the direct dispersion
of the mask (silica) particles. A series of samples with different concentra-
tions of colloid were plotted and the parameters important for the method.
For the experiment, we used silica spheres on Ti/Au substrate. The con-
centrations of the silica bead colloid were varying from 0.5% wt to 0.005%
wt. After deposition, the samples were observed by dark field microscopy
and AFM. The structure obtained by the concentration 0.05% wt (fig. 4.29)
shows the test structure with the best parameters. From the dark field image,
we can notice the gradient in intensity on an optical scale caused by the coffee
ring effect. This continual increase in the structure density is not a problem
for the sensing as long as the aggregation on the edges does not interfere with
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the main signal in the same way as it could interfere in the case of the fully
covered chips. The AFM picture then shows the distribution of the particle
in the middle of the spot. The level of aggregation and density has changed
between the different test measurements (results shown in section A.3 on page
69). We can see that many parameters will need to be optimized to obtain
structures suitable as sensors. Those parameters are same as for all of the
microarray plotting techniques.

To avoid the dispersion of the mask we can use the second method with
additional etching step. This way finished structure made by colloid mask
lithography is spotted by glue resist and etched again. The resist was supposed
to be removed from the structure by acetone isopropanol bath. This step
did not work most likely due to the cross-linking of the polymer strands.
The removal by acid or stronger solvent will be required. With the preliminary
results, we can say that the mask lithography will be possible to be performed
together with the microarray plotting. The optimization of the parameters
is nevertheless beyond the scope of this work and will be left for the further
research.

4.10 Protein measurements

To be able to simulate the reactions of the plasmonic sensor and to perform
microfluidic measurement with the protein, we must measure and calculate
the spectrum and concentration of the protein. The starting water solution
of the protein (horse myoglobin) had an unknown concentration. The mea-
surement was performed with spectrometer NanoDrop using the method
based on the ultra violet absorbance (280 nm) of amino acids. To calculate
the concentration we need to measure the extinction at 280 nm (A), the lenght
of the optical path l and the extinction coefficient ε. The extinction coefficient
is calculated by ExPASy [77] using the sequence of the protein. The sequence
was taken from the database UniProt [78]. The concentration is than equal
to

c = A

εl
.

The protein was than diluted to have 0.002 g/ml for further measurement
in cuvette.

For the absorbance of the myoglobin in the different states we need to do
two sets of measurement to have all the important spectra. This is caused
by the necessity of the removal of the dithionite salt to achieve the OMb.
The first series consists of three stages (blue) and the second one contains
one additional stage (red):.metMb state of starting solution. DOMb state after application of dithionite salt

� OMb state after separating the protein from salt. COMb state after introducing the CO gas.
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Figure 4.30: The absorbance of all stages of the myoglobin. The data is used
for calculating the change in the permittivity relevant for the LSPR sensing.

In the first process the dithionite salt is always present and reacts with the free
oxygen molecules, preventing the formation of OMb state. The separation
of the protein from the salt is done by a gel chromatography. This step changes
the concentration of the protein solution to an unknown value. The data from
the COMb state are than used to correct the intensity values to the same
scale as the previous set. The measured data from all of the states (fig. 4.30)
can now be used as a template for the model of absorption index used
for the calculation of the permittivity for the COMSOL modelling.

4.11 Protein simulations

The last step in simulating the sensor is to combine the possibility of modelling
the disc in the chosen environment together with the measured data from
the protein. The 5 nm layer of protein is modelled around the disc. The per-
mittivity of this layer is based on κ calculated from the protein absorbance
and n calculated via Kramers-Kronig (K-K) relations.

4.11.1 Absorption and refraction indices

The protein absorbance A(λ) was gathered on the optical path l = 10 mm.
Using the definition of absorbance

A(λ) = α(λ)l log(e) (4.3)
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Figure 4.31: The absorption index κ (noted as k) and refraction index n used
in the simulations with concentration of 10 g/ml.

we can write absorption index

κ(λ) = α(λ) · λ
4π = A(λ) · λ

4πl log(e) (4.4)

where α is the coefficient of absorption from the Lambert-Beer law and λ
is wavelength of the light in the surrounding media. The absorption index
is calculated using the measured dataset (wavelength, absorbance) directly,
with chosen concentration of the protein to be either 1 g/ml or 10 g/ml. This
concentration is not the concentration of the solution pumped into the mi-
crofluidic chamber, but a local concentration of the protein in the 5 nm layer
on the disc. Considering the the protein is globular with an approximate size
of 5 nm, we can say that even if its closely packed, the local concentration
cannot exceed a concentration of 3 g/ml. The choice of the simulated value
of 1 g/ml comes from the idea that the protein can never be packed closely
on the surface. The second value of 10 g/ml is then chosen to show insuffi-
ciency of the protein absorption even for larger (not experimentally possible)
concentrations. The refractive index n is then calculated as the constant
refractive index of the media (water) plus refractive index calculated from κ
via the K-K relations (fig. 4.31 and fig. A.5 on page 70). Note that the refrac-
tive refraction index does not change linearly with the absorption index due
to the form of K-K relations (equation 3.3 on page 29). From the n and κ
we can calculate the effective refraction index as neff =

√
ε =

√
n2 + κ2.

The differences between neff of the different myoglobine states do not exceed
10−3 for 10 g/ml and 10−5 for 1 g/ml which is on the sensing limit for media
with constant absorption index.
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4.11.2 Extinction

The simulation for 70/40 nm disc with 5 nm layer of protein were done
for three of the protein states. The spectra are than fitted according to theory
published in [46]. The peak centroid is calculated based on a high order poly-
nomial fit of the peak. The fitted x range is determined by the span parameter
[nm] (example shown in fig. A.4 on page 70). The fits were performed for both
concentrations for 4 values of the span. For the concentration of 1 g/ml none
of the difference between the peak centroids exceeds 0.024 nm (noise value
determined by an analysis of the experimental measurements of the disc)
therefore we cannot expect detection of any change in the state of the protein.
All the data are shown in table A.1 on page 71. The results for the higher con-
centration of 10 g/ml are showing that in higher concentrations the difference
between metMb and COMb or DMb could be observable by the plasmonic
sensor. The plasmonic sensor cannot rely on sensing the difference between
the COMb and DMb state which did not exceed 0.01 nm (half of the estimated
noise level). We can expect that the OMb state (not calculated) will not
be observable as well due to smaller difference in the refraction index from
COMb state, than is between the COMb and DMb states. All the data are
shown in table A.2 on page 71.
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Conclusions

The work was devoted to the description and manufacturing of the struc-
tures with a plasmon resonance. It provides theoretical insight to plasmons
and plasmons-polaritons on planar interfaces as well as an introduction
to the phenomena of localized plasmon resonance. Several colloid and non-
colloid mask methods for production of LSPR nanodiscs were suggested
and tested. The design of a CO sensor was proposed; utilizing the chips with
the LSPR structure of golden nanodiscs and protein myoglobin. The main
topic of the experimental work was the creation, characterization, and simu-
lation of a plasmonic nanostructure created by mask methods. Additionally,
the work contains the measurements and simulations for the proposed CO
sensor.

For the colloid mask methods, we optimized the homogeneous distribution
of particles; the parameters were scanned and additional procedure steps
added. As a result, a work protocol was created for reproducible results. For
all the methods (colloid mask, inverse colloid mask, hole-mask, and AFM
mask) we scanned and tested important parameters. The hole and AFM mask
lithographies did not result in active plasmonic structures. The improvement
to the critical procedure step is proposed to be integrated in the future
research of those methods. The colloid and inverse colloid mask lithography
methods led to active plasmonic structures. The structures were spectrally
characterized. The inverse mask lithography resulted in a structure with high
absorption offset and a broad spectral peak. The colloid mask lithography
structures (nanodiscs) were reproducible and had well-defined absorption peak.
The absorption maxima were also in correspondence with the simulations.

The nanodiscs were created in two sizes 100 nm diameter with a thick-
ness 20 nm and 70 nm diameter with thickness 40 nm. The sensitivity
of the 100 nm disc structure was calculated and measured in the microfluidic
chamber to be approximately 360 nm/RIU. The noise in the microfluidic
measurement is 0.024 nm resulting in the detection limit ∆n = 7 · 10−5

RIU. This result together with the proven mechanical stability of the chips
makes them a suitable platform for the LSPR measurements. The method is
together with the microarray spotting adaptable for multichannel sensorics.

The sensor for CO was first tested in silico. The simulations of the 70 nm
disc with protein layer show, that the protein change in the Q-band absorbance
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for different protein states (in the spectral region between 500-700 nm) is
not sufficient enough to provide a significant shift of the absorption peak
(significant considering the noise level). The conclusion is that the crucial
step of CO bonding is not observable by the sensor as proposed.

To summarize, the protocol with optimized parameters, leading to repro-
ducible LSPR nanodisc structure was created. The structures are suitable
for the LSPR microfluidic chamber measurement with the possibility to be
cleaned and used multiple times. The simulations have shown that such
nanodisc structures are not a suitable platform to combine with Q-band
absorption change of myoglobin protein to sense carbon monoxide.
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Chapter A
Apendix

A.1 Preparation of sample substrates

Due to using multiple techniques for acquiring structures, it was necessary
to treat substrates for each procedure differently. For the research of distri-
butions in homogeneous assembly, basic cover glass in dimensions 1.8× 1.8
cm were used.
Cleaning procedure steps:. 10 minutes ultrasonic bath. Acetone. 50% Acetone 50% Ethanol mixture. Ethanol.Mili-Q water.Mili-Q water rinse. Drying by N2 stream

Transitions between different cleaning solutions were wet to wet transfers.
More complicated methods requiring PMMA (poly(methyl metakrylate)

fig. A.1) layer or gold deposition were first prepared in clean rooms. Three
types of substrates were produced this way, PMMA layer only, PMMA +
gold layer and gold layer only. Large wafers were deposited at once, therefore
for the cutting of the wafer into small substrates (16× 12.5mm), application
of protecting layer of varnish was necessary.
Procedures in clean rooms (PMMA substrates):. Cleaning. Spin coating. Baking at 200℃ for 10 minutes.Optional vapour deposition of 3 nm Ti + 20 nm Au layer. Protective varnish deposition
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Figure A.1: Skeletal formula of the poly(methyl metakrylate) repeating unit
(C5O2H8)n.

. Cutting

Spin coating speed was 3000 turns per minute with the resulting layer thickness
170 nm. Used resist was Copolymer PMMA/MA 33% as E-Beam Resist
Series AR-P 617 in 1-methoxy-2-propanol. Layer of 2.2 µm was baked at
80℃ for 30 minutes.
Protective layer removal:. 5 minutes ultrasonic bath. Acetone. Isopropanol.Mili-Q water.Mili-Q water rinse. Drying by N2 stream

After this treatment the layers were used as substrates for hole-mask lithog-
raphy (without gold) and AFM mask lithography (with gold).

The substrates for the colloid mask lithography did not require further
cleaning after deposition in clean rooms.
Procedures in clean rooms:. Cleaning. 4 nm Ti vapour deposition. 20 nm Au vapour deposition

All the substrates used in methods requiring deposition of homogeneously
distributed nanoparticles proceeded to further treatment in ozone cleaner.
The substrates were exposed to O3 plasma in low power plasma cleaner (17W)
for duration of 10 minutes in order to negatively charge the surface. Substrate
were than immediately 0.2 wt% PDDA (Poly diallyldimethylammonium
chloride depicted in fig. A.2) polyelectrolyte solution in water was applied
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for 15 minutes. Substrates were rinsed and stored1 with Mili-Q water and dried
by N2 stream before the bead deposition.

Figure A.2: Skeletal formula of Polydiallyldimethylammonium chloride repeating
unit (C8H16NCl)n.

1By storing we mean times maximally up to half an hour while the other procedures,
chip deposition was done.
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A.2 Protocol

The substrates pre-preparation:. clean 0.7mm Boro glass chips. evaporate 4 nm Ti. evaporate 20(40) nm Au.

The substrates can be stored after this step.
The substrates preparation:. 10 minutes ozone cleaner treatment. 15 minutes in 0.2wt% PDDA solution in water. store in water before deposition of beads.

Only temporary storage before deposition.
Beads deposition:. Concentration of 0.05 wt% for 100 nm Sio2 beads (COOH surface charge). Concentration of 0.025wt% for 70 nm SiO2 beads (COOH surface charge). two minutes deposition time. shaking during deposition. properly rinsing after deposition − washing all non-attached beads from

the surface to avoid coffee ring affect. Drying under N2 stream.

Argon etching parameters:. voltage 400V. power source 150 W. 15 seconds 90° angle to surface. 20 seconds 80° anfle to surface.

Tape stripping by the Nitto scandinavia tape SWT-10, repeat at least
5 times. Recommended to do just before first use to avoid contamination
of the structure.
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A.3 Microarray plotting

The summary of the figures for the microarray plotting. The parameters
to optimize in further research: concentration of beads, droplet volume,
humidity in the instrument, distance of micropipette from the sample, charging
of the sample surface and others.

Figure A.3: Structure with beads deposited by method of microarray plotting.
The dark field microscopy image (left) is showing one of the droplets made with
solution with concentration of: 0.5% wt top, 0.05% wt middle and 0.005% wt
bottom of silica beads. The AFM image (right) shows distribution of the beads
in the middle of the spot. The intensities in the dark field image is not to scale
due to the scaling to maximal intensity.
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A.4 Protein simulation

Additional figures and tables for the protein simulations section.

Figure A.4: The extinction cross-section of the disc model with DMb protein
layer. The data line (blue) is overlaid by the fit (orange). The horizontal back
lines shows the span for the centroid calculation. The vertical line then calculated
position of the centroid.

Figure A.5: The absorption index κ (noted as k) and refraction index n used
in the simulations with concentration of 1 g/ml.
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Table A.1: The values of peak centroids for span between 60 - 120 nm for three
of the states of the protein and the corresponding differences in between the dif-
ferent states position for the protein concentration of 1 g/ml.

1 g/ml - Peak centroids [nm]
span metMb DMb COMb
120 578.9549 578.9688 578.973
100 579.8007 579.8155 579.8054
80 580.5859 580.6021 580.5879
60 581.3619 581.3801 581.3715

1 g/ml - Differences [∆nm]
span CO-met D-CO D-met
120 0.018 122 −0.004 183 0.013 938
100 0.004 736 0.010 073 0.014 809
80 0.002 039 0.014 163 0.016 202
60 0.009 643 0.008 565 0.018 208

Table A.2: The values of peak centroids for span between 60 - 120 nm for three
of the states of the protein and the corresponding differences in between the dif-
ferent states position for the protein concentration of 10 g/ml.

10 g/ml - Peak centroids [nm]
span metMb DMb COMb
120 579.1292 579.2674 579.2579
100 579.9521 580.0994 580.0945
80 580.7246 580.8861 580.883
60 581.4944 581.6762 581.6773

10 g/ml - Differences [∆nm]
span CO-met D-CO D-met
120 0.128 755 0.009 495 0.138 249
100 0.142 423 0.004 919 0.147 341
80 0.158 391 0.003 14 0.161 531
60 0.182 941 −0.001 15 0.181 789
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A.5 Summary of used equipment

Following list comprehends mostly used instrumentation and software.

Table A.3: Summary of used software.

Software Company Specification
AxioVision Carl Zeiss microscopy Microcope software
Nanoscope 9 Bruker AFM software
Matlab R2018a MathWorks Data analysis and simulations
Gwyddion Open-source published in [70] AFM data analysis software
COMSOL Multiphysics COMSOL Modelling software
WinSpec Princeton instruments Spectral measurement software
Fresnel simulace v.5 LKSoft ATR analysis software
OriginPro 9 OriginLab Data analysis and plotting
GenX Open-source published in [74] SAX data simulations and fitting
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Table A.4: Summary of used instrumentation.

Instrument Company Specification
UV Ozone cleaner UVC-1014 Nanobioanalytics Power 17 W, Imp. current 7000 mA
200G-plasma system, O2 plasma
stripper

Technic plasma GmbH (TePla) Vacuum 0.6 mbar, O2 pressure 1.6 mbar, power
380 W

Ulrtasound bath Bandelin Sonorex
Vibramax 100 Heidolph 300 rounds per minute
Vortex gene Scientific industries Inc
Nanoscope V Bruker Tapping/contact mode
PVD system RHVm42 HVD Physical vapour deposition system
Tap 300 AL-G AFM tip Budget sensors 300 kHz frequency, 40 mN force constant
Nano-Plotter 2.1 GeSiM Microarray printer
AxioImager Z1m Carl Zeiss microscopy Microscope
AxioCam MRc5 Carl Zeiss microscopy CCD
EC Epiplan 5x, 10x, 20x, 50x, 100x Carl Zeiss microscopy Objective
Spectra Pro 2300i Princeton instruments Spectrometer
PPS-0.1COOH Polystyrene beads Kisker Biotech GmbH & Co. KG Carboxylated 100 nm size polystyrene beads
SWT-10 tape Nitto Scandinavia AB Pressure sensitive acrylic-based adhesive tape
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