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Abstract

Periodically sub-wavelength structured films show special optical properties. In particular
thin perforated metal films are known for Extra Ordinary Transmission (EOT) due to
contributions of surface plasmons. A periodic arrangement of holes in the metal film allows
the excitation of surface plasmons, with the property of strong electric fields in the vicinity
of the surface. This can be used for light management to improve in- or outcoupling of
light to thin film devices as Organic Solar Cells (OSC) or Organic Light Emitting Diodes
(OLED).

The first part of this thesis treats the fabrication of sub-wavelength structured metal
films with a lift-off technique. Therefore negative resists are structured via Electron Beam
Lithography (EBL). The main issue here is the optimization concerning the exposure time
of the EBL system leading to a special fast exposure for sub-pum hole arrays. Structuring
areas over 3x3mm? in about 10h is possible. Gold films perforated with different periodic
holes arrays, with periods down to 400nm and hole diameters down to 100nm as well as 2
dim. photonic crystals with these scales were prepared.

The second part of this thesis treats the characterization of structured and unstructured
gold/chrome films performed by atomic force microscopy, scanning electron microscopy and
optical spectroscopy. Different thick gold films and the influence of the chrome adhesion layer
as well as variable geometric values of periodic hole arrays in metal films are investigated by
transmission measurements. Optical thin structured metal films show resonances depending
on the period of the array. In optical thick structured metal films EOT was measured and
assigned to plasmonic resonances excited by the array. The optical properties of the metal
films are also investigated in combination with the low-band-gap polymer PTB7. A 30nm
thin gold film gets more transparent at certain wavelength if coated with a layer of PTBY.
Structured gold films coated with PTB7 show a similar behavior at increased wavelength.
Further photoluminescence is enhanced with a gold film in contact with the polymer. This
enhanced signal is produced mainly by diffuse reflection at the metal. For sub-wavelength
structured metals coated with PTB7 the photoluminescence further increases. It shows
that periodic structured metal films can change the photo physical properties of proximate
molecules and this could be used in OLEDs. Further the positive effect of plasmonic
nanostructures incorporated in OSCs is demonstrated. The increase in power conversation

efficiencies points out the potential and importance of further investigations in this field.
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Kurzfassung

Im Sub-Wellenléingenbereich strukturierte Filme weisen spezielle optische Eigenschaften
auf. Diinne perforierte Metallfilme sind bekannt fiir erhohte optische Transmission (EOT)
durch Beitrage von Oberflichen Plasmonen. Eine periodische Anordnung der Locher im
Metall erméglicht die Anregung von Oberflichen Plasmonen mit der Eigenschaft von starken
elektrischen Feldern in der Nihe der Oberfliche. Dies kann fiir eine Licht Steuerung zur
verbesserten Ein- oder Auskopplung von Licht in Diinnschichtbauelementen wie organischen

Solarzellen (OSC) oder organischen Licht emittierenden Dioden (OLED) genutzt werden.

Der erste Teil dieser Masterarbeit behandelt die Herstellung von Sub-Wellenléngen
strukturierter Metallfilme durch eine lift-off Technik. Dafiir werden negative Photolacke
mittels Elektronenstrahl Lithographie (EBL) strukturiert. Den Kernpunkt hierbei bildet die
Optimierung der Belichtungszeit am EBL System, welche zu einer sehr schnellen Belichtung
fiir sub-pm Loch Arrays fithrt. Dadurch wird die Strukturierung von Flichen iiber 3x3mm?
in etwa 10h moglich. Gold Schichten perforiert mit verschiedenen periodischen Loch Arrays
mit minimal 400nm Periode und 100nm Lochdurchmesser, sowie 2dim. photonische Kristalle
mit diesen Abmessungen wurden hergestellt.

Der zweite Teil dieser Masterarbeit behandelt die Charakterisierung von strukturierten
und unstrukturierten Gold/Chrom Schichten mittels Rasterkraftmikroskop, Rasterelek-
tronenmikroskop und optischer Spektroskopie. Verschieden dicke Gold Schichten und der
Einfluss der Chrome Adhésionsschicht sowie verschiedene Geometrien der periodischen Loch
Arrays werden mittels Transmissionsmessungen untersucht. Strukturierte, optisch diinne
Metallschichten weisen Resonanzen in Abhéngigkeit von der Periode des Arrays auf. In
optisch dicken strukturierten Metallschichten wurde EOT gemessen und plasmonischen
Resonanzen zugeordnet die durch das Array angeregt werden. Die optischen Eigenschaften
der metallischen Schichten werden auch in Kombination mit PTB7, einem halbleitenden
Polymer mit kleiner Bandliicke untersucht. Eine 30nm diinne Gold Schicht wird bei gewissen
Wellenlangen transparenter, wenn sie mit dem Polymer PTB7 beschichtet ist. Strukturierte
Goldschichten weisen ein #hnliches Verhalten bei vergroflerten Wellenldngen auf. Des
Weiteren erhoht eine Gold Schicht in Verbindung mit dem Polymer die Photolumineszenz.
Dieses verstarkte Signal wird hauptséachlich durch diffuse Reflexion am Metall erzeugt.
Wenn das Metall zusatzlich strukturiert ist, wird die Photolumineszenz weiter verstirkt.
Das zeigt, dass periodisch strukturierte Metalle die photo-physikalischen Eigenschaften
von benachbarten Molekiilen d&ndern konnen. Dies kénnte in OLEDs Anwendung finden.
Zusatzlich wird der positive Effekt von plasmonischen Nanostrukturen in OSCs gezeigt.
Die Effizienzsteigerung zeigt das Potential dieser Anwendung und die Wichtigkeit von

weiterfiihrenden Experimenten.
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Chapter 1

Motivation and Introduction

Nanotechnology is the study of manipulating matter down to the nm scale. With the
nowadays available methods e.g. ultraviolet or X-ray lithography, electron beam lithography,
focused ion beam milling or nanoimprint lithography, sub-100nm patterning is possible. For
this work the method of electron beam lithography was used to fabricate sub-wavelength
structures. The optical properties of sub-wavelength structured metal films have been
intensively investigated, since Extraordinary Optical Transmission (EOT) was reported
by Ebbesen et al. in 1998 [1]. The unexpected high transmission in the optical regime is
supported by electromagnetic modes bound to the metal surface known as Surface Plasmon
Polaritons (SPPs) [2].

The aim of this work is to produce sub-wavelength hole arrays in metal films via
Electron Beam Lithography (EBL) and a lift-off technique. This periodic structure enables
the excitation of SPPs by photons. SPPs are known for high electrical fields near the surface,
offering a broad spectrum of applications. These can be molecular sensing applications [3],
enhanced and high fidelity raman spectroscopy [4] or enhanced fluorescence spectroscopy
[5].  Further efficiency enhancement of Organic Light Emitting Diodes (OLED) with a
sub-wavelength structured cathode [6] and surface plasmon enhanced photoconversion in
Organic Solar Cells (OSC) [7] are feasible as well.

In this work these arrays are structured in a macroscopic area to investigate them in
combination with thin-film photovoltaic cells. Thin-film technology has an enormous
potential in reducing the cost of photovoltaic devices. Especially OSCs are of interest
because of their advantages of low cost of fabrication, easy solution based processability
and mechanical flexibility [8]. The sub-wavelength structured metal films should serve as
transparent electrodes. More precisely they are used as anode for OSCs, primarily to replace
Indium Tin Oxide (ITO), the standard transparent electrode. ITO limits reliability and

costs of OSCs because it is a brittle and expensive material [9]. Compared to noble metals

10



Motivation and Introduction

it has a low conductivity of 104% [10], which increases ohmic losses for large area single
cells [11]. Further Indium is a rare metal and is limited in the earth crust. Without a good
recycling infrastructure in the future, indium price explosion and shortage are expected
[12]. Price and performance are the key parameters for successful commercialization of
0OSCs, which makes the replacement of ITO by a cheaper and high performance alternative

important.

Moreover the poor conductivity of organic semiconducting materials makes a tradeoff
between collection of photogenerated charge carriers and sufficient light absorption in the
active material necessary. Photon management, which refers to the control of photon
propagation and the energy distribution in the active layer, can increase the absorption.
Plasmonics has emerged as a promising route to advanced photon management [13]. Light
trapping with metallic nanostructures, where incoming light scatters and excites surface

plasmons (Figure 1.1) is a possibility to improve light incoupling into the active layer.

i T 1T 8 %3 %

hv hv  hv  hv  hv  hv

Figure 1.1 — Metal nanostructure on the device surface can scatter light and enhance photo
conversion in a solar cells. Taken from [13].

Sub-wavelength structured metal films are promising candidates for plasmonic electrodes,
which can replace ITO as transparent electrode material and additionally enhance light

incoupling into the active layer and therefore efficiencies of organic photovoltaic devices.

Based on the fundamentals of electrodynamics, surface plasmons with its properties
are introduced in chapter 2. The following chapter treats the fundamentals of electron beam
lithography and the lift-off technique as well as the sample preparation and the characteriza-
tion methods. In chapter 4 the fabrication of sub-wavelength structured films for plasmonic
electrodes through a lithographic process is explained. This includes the optimization of the
exposure time on the EBL system, two different lift-off methods and a thermal treatment
step. In chapter 5 the results of topographical and optical characterization will be presented.

The application of plasmonic structures on OSCs will be treated in chapter 6 and 8.

11



Chapter 2
Theoretical Aspects

This chapter summarizes the theoretical fundamentals for this work. First the idea of resonant
incoupling by means of structured electrodes in an organic solar cell is presented. Starting
from the Maxwell equations, the bulk plasma frequency and the dielectric function of a metal
are deduced and compared with experimental data from literature for gold and chrome.
The following sections introduce surface plasmons on flat surfaces as well as localized on
nanoparticles. When photons couple with surface plasmons a hybrid wave is excited called
Surface Plasmon Polariton (SPP). The dispersion relation and an insight to typical length
scales and coupling mechanism of SPPs will be given. Finally the resonance wavelength of

SPPs on sub-wavelength hole arrays is deduced.

2.1 Resonant light incoupling into the active layer

Photon management can improve the incoupling of light into the active layer. This should
be possible with a structured metal electrode for OSC. Adjusting the geometrical factors
of a sub-wavelength hole array in a metal film changes the transmission property. Due to
the periodicity of the array, resonances are excited. If this resonances overlap with the
resonances of the molecules in the active layer a resonant incoupling of light should be

possible.

There is experimental evidence that nanoparticles embedded between the ITO and
the active layer enhance efficiency. Incident light excite Localized Surface Plasmons (LSP)
on the nanoparticle. The strong local enhancement of the electromagnetic field surrounding
the nanoparticle increases the rate of exciton generation or exciton dissociation [14, 15, 16].
Sub-wavelength hole arrays can excite SPPs. In the holes there are localized modes present
like the LSP on nanoparticles [17]. This localized modes can provide the same effect as the

aforementioned nanoparticles.

12



Theoretical Aspects

2.2 Maxwell’s equations

The theoretical framework for all electromagnetic phenomena is given by the Maxwell’s equa-
tions. These fundamental equations describe electromagnetic fields and how they evolve over

time. The differential form in matter is the following;:

V-D=py (2.1)
V-B=0 (2.2)
VxE= —aa—]? (2.3)
VxH=D 4 (2.4)

E and H are the electric and magnetic field intensities. py is the free charge density and j;
is the free current density with the distinction of free (conduction band) and bound (valence
band) charge carrier. The other parameters D and B, are the electric flux density and the

magnetic flux density. They are connected to the fields like:
D=¢E+P (2.5)

B = poH + poM (2.6)

Where P is the polarization and M is the magnetization. The electrical and magnetic con-
stants are g the permittivity and pg the permeability of free space. A polarization is caused
by an electrical field and the magnetization is caused by a magnetic field, this correlation has
to be described with a proper model. Fortunately in most substances a linear correlation is
a sufficient accurate description. This means for the electric part, that the polarization P is
proportional to the electric field E:

P = ¢xE (2.7)

With y. the electric susceptibility of a material. This simplifies (2.5) to
D =¢E (2.8)
With e the dielectric function being:
e=(1+ xe)eo (2.9)
On the other hand the dielectric function is defined as:

€ = €€ (2.10)

13



Theoretical Aspects

2.3 Plasma frequency and dielectric function of a metal

Understanding the optical properties of metals, means modeling the dielectric function by
means of a solid state theory. The first theory and simplest model was based on kinetic gas
theory developed by Drude who assumed the electrons to act like a free electron gas. The
electrons are treated like a ideal gas, this means they are independent and quasi-free dot
charges. These charges can be accelerated by an applied field and damped by collisions.
This damping is incorporated by a damping constant I' and can be taken as the reciprocal
value of the electron relaxation time 7', which is the time between two scatter events of
an electron. Later Sommerfeld incorporated corrections coming from the Pauli-exclusion
principle, considering only electrons near the Fermi level, because deeper lying electrons
are not allowed to change their electronic state. Further the band structure of matter was

respected by assigning the electron an effective mass m*.

To derive the plasma frequency and the dielectric function the starting point is the
microscopic equation of a moving electron. An applied electric field E = Ej - e”™*
accelerates the electrons which have the mass m. and the charge e. The conduction electrons
are quasi-free which means there is no restoring force and the motion is only damped by

scattering, described by the differential equation
4T — = —Eq-e ™ (2.11)

The solution of this differential equation with an exponential ansatz for x gives:

(& EO

r=——
me w2 +ilw

(2.12)
To come from this microscopic equations of one electron to the macroscopic property, first
we identify the dipole moment of one electron p = —ex. The dipole moment multiplied with
the electron density n gives the macroscopic polarization P = np. With the before stated

expressions (2.5), (2.8) and (2.10) the dielectric function can be obtained:

ne? 1
=1-— 2.13
er(w) meeg w? + ilw ( )
Where the plasma frequency w, can be identified:
2
9  Me
= 2.14
Wp = e (2.14)

This is the eigenfrequency of an electron gas without any damping (I' = 0) assumed. Since
the conduction electrons in a metal are quasi free this plasma frequency describes well the

transition where the electrons are not able anymore to follow the applied electric field. This

14



Theoretical Aspects

means by illuminating a metal with light of a higher frequency than w,, that the photons
cannot be absorbed and the metal gets transparent. For metals this frequency is in the UV
spectral range. The dielectric function is split into real and imaginary part (e = ¢’ +i€”) and

for small damping (w >> I') it simplifies to:

(w)m1— 2 (2.15)
~1- it .

To determine the dielectric function experimentally, reflection and transmission measure-
ments or ellipsometry can be done. Thereby first the optical constants, the refractive index
n and the extinction coefficient k& have to be obtained. Together they form the complex
refractive index:

n=n+1ik (2.16)

The complex dielectric function €(w) in a non magnetic medium (u, = 1) is connected with
the complex refractive index:
e(w) = n? (2.17)

This leads to the connection of the observable optical constants with the real and imaginary
part of the dielectric function:
¢ =n?—k? (2.18)

¢’ = 2nk (2.19)

Experimental data of the optical constants from reflection and transmission measurements

for thin films are taken from [18] for gold and from [19] for chrome (Figure 2.1).

0 . . 1 I A
200 400 600 800 1000

A (nm)

Figure 2.1 — Refractive index n and extinction coefficient k for gold and chrome with the data
from [18] for gold and from [19] for chrome.
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Theoretical Aspects

The real and the imaginary part of the dielectric function are calculated with (2.18) and

(2.19) from the optical constants. The dielectric functions are shown in Figure 2.2.

| —=— & Cr
30L—=2—<"Au
L —v—¢'Au

. I . .
400 600 800 1000

A (nm)

Figure 2.2 — Real ¢ and imaginary part €’ of the dielectric function for gold and chrome calcu-
lated from the optical constants from Figure 2.1.

The comparison of the quite simple Drude-Sommerfeld model with the experimental data is
done by using the dielectric function (2.15) for gold. The energy of the plasma frequency of
gold was taken as hw,=9.01eV the damping constant was set to I' = T—! with T =30-10"1°
the relaxation time calculated from the Fermi velocity vr and the mean free path [y in gold,

all values taken from [52].

100 L calculated " of Au |

—e— meassured " of Au

—v— meassured &' of Au

125 calculated &' of Au .
150 . 1 1 N 1 . 1
200 400 600 800 1000 1200
A (nm)

Figure 2.3 — Comparison of the calculated dielectric function of gold with the Drude-Sommerfeld
model (2.15) and experimental data from literature.
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Theoretical Aspects

The discrepancy between the experimental data and the Drude-Sommerfeld model illustrated
in Figure 2.3 in the visible spectral range can be assigned to interband transitions which
occur from filled d-bands into the sp conduction bands at a maximum wavelength of 539nm
[18]. The simple Drude-Sommerfeld model doesn’t account the specific contribution of the

valence band electrons.

2.4 Surface Plasmons (SPs)

The plasma frequency in (2.14) describes a longitudinal plasma oscillation in the bulk. The
quasi-particle resulting from quantization of these oscillations is called the bulk plasmon.
At the plasma frequency all the electrons are oscillating in phase. A metal responds to an
electromagnetic wave with frequencies w > w, like a dielectric due to the disability of the
electrons to follow this fast oscillations. This property is reflected in the real part of the

dielectric function (2.15) for a metal, which gets positive and propagating waves are possible.

The different situation at the surface results in the surface plasmon. As illustrated in
Figure 2.4 oscillating positive and negative surface charges are present. More precisely
these are coherent oscillations of mainly the conduction electrons at the surface. This charge
oscillations are accompanied by a mixed transversal and longitudinal electromagnetic field

which has its maximum at the interface to the adjacent media [20].

Dielectric

o] +
En +++ -—- +H+ S T
el - G

X Kspp ¢ > Metal

Figure 2.4 — Surface Plasmon located at a metal dielectric interface with €,, and €, the dielectric
functions respectively on the left side and penetration depths of the electric fields
into the materials on the right side (taken from [21]).

For the existence of SPs at this interface the real part of the dielectric function has to
change sign, which is satisfied for a metal at w < w, adjacent to a dielectric material. In

this frequency range the dielectric function of the metal has negative and the dielectric a

positive value. The resonance frequency for surface plasmons become % on a flat metal

wp
Viteq
with €4 the real part of its dielectric function.

if the interface consists of a metal and a dielectric material

surface exposed to air and

17



Theoretical Aspects

A different situation is present if the surface is not flat. For example on a metallic
nanoparticle surrounded by a dielectric material the SPs are localized and cannot propagate
away from the nanoparticle due to the fixation to the metallic dielectric interface. That’s
the reason why this modes are called Localized Surface Plasmons. An illustration of

such modes is shown in Figure 2.5.

E

Metal sphere

Figure 2.5 — Localized surface plasmons on a metallic nanoparticle excited by free-space light
(taken from [22]).

In this work sub-wavelength hole arrays were fabricated. This means nanoscale dielectric
holes are present in a metallic film and this is a quite similar situation, where localized

modes in this holes are present [17].

2.4.1 Dispersion relation of Surface Plasmon Polaritons (SPPs)

When photons couple with SPs, hybrid waves are excited which are called Surface Plasmon
Polaritons (SPPs). The dispersion relation can be deduced from the Maxwell equations
by applying appropriate boundary conditions. The mathematical derivation can be found

elsewhere [20]. Here only the solution, the dispersion relation is presented:

ky = = | SdEm (2.20)
c\ €eq+e€em

ky is the value of the wavevector in x-direction, which means along the metal dielectric

interface. ¢ represents the magnitude of the light wave vector with w the frequency and c

the speed of light. €, and ¢4 are the dielectric functions of the metal and the dielectric. The
dispersion relation (2.20) is ploted in Figure 2.6.

There it can be seen that for small k, the SPP is photon like approaching the light line and
for large k., it is SP like approaching the horizontal doted lines representing the surface
plasmon resonance frequencies. The dispersion relation is shown for a dielectric with ¢; and

the case of a metal surface exposed to air (¢; = 1).

Generally the dispersion relation (2.20) is a complex quantity since the dielectric functions
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Wp
Metal/air
(USP_AI-,.. ,,
Metal/dielectric with ¢
(‘)SP..sd e X d

B
_—

kx

Figure 2.6 — Dispersion relation of Surface Plasmon Polaritons (SPPs) at a metal-air and a
metal-dielectric interface. The straight solid line is the dispersion relation of light.
(taken from [20] and modified)

are complex. With the assumption of a real w and ¢; and additionally €/ < |e} | for the
metal dielectric function €, = €, + ie,,, which is fulfilled for metals with low damping, the

dispersion relation for the complex wavevector k, = k,, + ik!, becomes [20]:

w € €4

kL == i 2.21

Toce\l €, +eq ( )

k” _ w E;nfd % EIT;L (2 22)
T\, +ea) 2(e,)? )

2.4.2 Length scales for SPPs

For the design of devices using SPPs some important length scales have to be known. These
length scales provide limits for the device dimensions. The interesting length scales for SPPs
are the wavelength A, of SPPs, the propagation length d,p, and the penetration depth of
the electric fields 6,, into the metal and d, into the dielectrics.

The wavelength can be easily obtained from the real part of the SPP wave vector
. 2 .

(2.21) by applying Aspp = é

€q+ €,

/
m

Aspp = Ao (2.23)

€JE

With A\g the free space wavelength.

The propagation length d,,, on a smooth surface is the length after which the intensity
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decreases to é and is given by (2.22) the imaginary part of SPPs [20]:

1

68])1) == W (224)

If the metal is low loss and the condition |€],| > |e4| is satisfied the propagation length can

be approximated (more details in [23]):

V)

Sepp &~ Ao (26722;1 (2.25)
It can be seen that for a long propagation length a large negative value of the real part and
a small value of the imaginary part is necessary. This again is satisfied with a low loss metal,
that is a noble metal. Here non radiative SPs and a perfect dielectric medium (¢} = 0) was
assumed and the only damping mechanism thus are ohmic losses in the metal.
The penetration depths of the fields in the dielectric 64 and in the metal é,, refer again to
the distance at which the fields fall to 1 [23]:

D=

Xole +eq
0 = — | Bs— 2.26
d 2 63 ( )
1
o€, +eq|?
O = — | 2—" 2.2
2w €2 (227)

An illustration of the length scales, spread over several orders of magnitude, can be seen in

Figure 2.7 for silver as metal and air as the dielectric medium.

Penetration depth

: Penetration depth
into metal

g into dielectric SPP propagation
\ e SPP wavelength length

X 7 - L ,’

LY 7 > - "

Bm B Aspp Sspp

SPP LRSPP
1 1 1 1 1 1 1 1 1
1nm 10 nm 100 nm 1um 10 um 100 um 1 mm 1cm 10 cm

Figure 2.7 — Different length scales for surface plasmon polaritons are indicated on a logarithmic
scale for silver as metal and air as dielectric medium. The propagation length for
Long Range Surface Plasmon Polaritons (LRSPP) can reach centimeters. (taken
from [23] and modified)

20



Theoretical Aspects

2.4.3 Coupling mechanism for SPPs

Surface Plasmons (SPs) can be excited either by electrons or photons. First SPs were
recognized excited by electrons in Electron Energy Loss Spectroscopy (EELS) measure-
ments. In contrast, photons as excitation source don’t provide enough momentum to
excite SPs on a flat surface. In the dispersion relation of SPPs in Figure 2.6 it can be
seen that at a given w the wavevector of the SPP lies always to the right of the light line
w = ck, resulting in a higher quantum mechanical momentum p = hk. This means that due

to conservation of momentum a coupling mechanism is necessary to excite a SP with a photon.

In the case of thin metals a total internal reflection mode called ’Kretschmann config-
uration’ can be used. This configuration is often used for bimolecular sensing, where the
shift of the surface plasmon resonance frequency is detected which occurs due to the change

in the dielectric environment [24].

As alternative for thicker metal films or incident light impacting perpendicular to the
surface a coupling with a periodic grating like shown in Figure 2.8 is possible. The
x-component of the wavevector, representing the incident light, k, = 27”s7jn9 can be increased

by the reciprocal lattice vector of the grating. In this 1 dim example the reciprocal lattice

or
a

vector is kg, = <Em with a the period and m the order of the grating.

The momentum match condition to excite a SPP in general is:

-

Kspp = ko + Ka (2.28)

Figure 2.8 — SPP coupling geometry for excitation of SPPs with Photons. Momentum matching
condition: kgp, = ky + k, (taken from [21])
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2.4.4 Resonance wavelength of SPPs on sub-wavelength hole arrays

For a square array of nanoholes a formula can be deduced by applying the momentum

matching condition (2.28).

Spectra recorded in this work are zero order transmission spectra, that is the incident
and the recorded beam are collinear. The samples were placed into the beam perpendicular
to the film surface (details in section 3.5.4). This means that the component of the incident
wavevector parallel to the film surface ky is zero, which reduces the momentum match
condition to:

Fopp = (2.29)
With %, the reciprocal lattice vector. For a 2 dim square array the absolute value of the

reciprocal lattice vector is
2
ko = = /n2 + m2 (2.30)
a

With a the period, n and m the grating orders. Inserting the dispersion relation (2.20) and
the reciprocal lattice vector (2.30) in (2.29) leads to the expression for the wavelength where

SPPs are resonant on a 2dim periodic square array:

€me€d

. a
vVm2+n2\ €n+e€q

It has to be noted that this is only a rough estimation, since no metal thickness and the

A

(2.31)

diameter of the holes is taken into account. Only the periodicity of the lattice is considered.
Also it has to be kept in mind that the dielectric function €,, is dependent on the wavelength
of the exciting radiation (e, = €,(\)). For solving this equation an appropriate model for
€m has to be used, for example the Drude-Sommerfeld expression (2.15) or experimental
data can be utilized and the equation (2.31) has to be solved in an iterative manner. In this

work the dielectric function from Figure 2.2 was used.

In section 5.2.2.2 formula (2.31) is applied to a transmission spectrum of a optical
thick sub-wavelength structured metal film and agrees with the minimums of the spectrum.
The resonances for optical thin metal films did not agree with the measured data in this
work due to the simplicity of this model. With thin metal films, a strong interaction of the

electromagnetic fields of both surfaces occur [27].
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Chapter 3
Experimental methology

The first part of this chapter introduces fundamentals of nanostructuring methods especially
the used Electron Beam Lithography (EBL). This includes the sample and its interaction with
the electron beam leading to the proximity effect. Furthermore fundamentals concerning the
lift-off with EBL will be given and sample preparation will be explained. In the last part the

methods to characterize fabricated structures will be mentioned.

3.1 Fabrication methods - Introduction

The discovery and application of semiconducting materials established the field of Electron-
ics. This field had a very fast evolution in the last decades with the aim of miniaturization
and integration to minimize material expenses. Investigation and development in structur-
ing methods were additionally pushed. In the standard tool of Microelectronics, which is
photolithography the lateral resolution is limited by the wavelength of the used radiation
due to diffraction. Using state of the art systems with deep ultraviolet excimer lasers (e.g.
ArF:193nm) makes it possible to create structures smaller than 100nm [28]. Such equipment
is very complex and expensive. To overcome the diffraction limit, structuring with particles
instead of photons is used. Since 1924 when Louis Victor de Broglie postulated the wave-
particle duality, which nowadays is a central concept of quantum mechanics, it is known that
all matter and not just light have a wave nature. The wavelength \ of matter is called the

de-Broglie wavelength and is calculated via the momentum p and the Planck constant h:

h
A= (3.1)

Charged particles accelerated in a high-voltage have a higher momentum than photons.
This goes along with a shorter de-Broglie wavelength. It follows that the lateral resolution is

not limited by diffraction. Limits are present because of big lens errors of electro-magnetic
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lenses and in particular because of scattered particles in the sample. However, with particles
it is possible to fabricate structures with lateral dimensions down to the nm regime.

Generally Structuring methods can be classified in serial and parallel methods. Serial
methods are flexible in terms of changing the exposure pattern, but their serial nature
implies very slow processing and therefore they are not applicable for large area production.
This means those serial methods will be most likely used where flexibility and precision is
needed and not where high output is the goal. There are various methods for sub-wavelength

structuring, often employed are the following:
Serial methods:
e Electron Beam Lithography (EBL)
e Focused Ion Beam milling (FIB)
Parallel methods:
e (Colloidal lithography with polystyrene spheres

e Stamping and transfer techniques: Nanoimprint or Direct Metal Transfer

e Deep UV lithography

3.2 Electron Beam Lithography (EBL)

In EBL an electron beam is deflected in a patterned fashion across a substrate covered with
a polymer film. This film is called the resist and changes its physical properties due to
the interaction with the electrons. Thus a selective remove of either exposed or unexposed

regions, called the development, is possible.

Advantages of EBL are the beat of the diffraction limit of light and it is a maskless
structuring method and therefore it offers a high flexibility in designing patterns. Disadvan-
tages are low throughput i.e. long exposure times for areas >1mm? as well as the scattering

of electrons in the sample which limits resolution.

3.2.1 Components

The system at the NTC-Weiz is the e-Line system by Raith GmbH. An EBL system con-

sists of a Scanning Electron Microscope (SEM) and a laser interferometric stage (Figure 3.1).

Scanning Electron Microscope (SEM):
The electron gun is a Schottky Thermo field emitter that is a thermally assisted field
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emission gun. It consists of a tungsten (W) dip covered with Zirconium oxide (ZrO) in
order to lower the work function of the dip. Consequently electron emission is enhanced,
since the work function is the minimum energy needed to remove an electron from a solid.
The whole system is under ultra high vacuum to prevent collisions of the electrons with gas
molecules. Different apertures with diameters from 7,5um to 120pm allow the adjustment of
the beam current respectively the spot size of the beam. Since electrons cannot be focused
like photons with ordinary lenses because they would be absorbed by the lens material,
an electromagnetic-electrostatic lens system deflects the electrons. The latter are charged
moving particles and the Lorentz force acts as a deflection force to focus the beam on a
spot. The deflection system redirects the beam to scan the sample and Secondary Electrons
(SE), backscattered electrons, characteristic x-rays or light are the main signals which can
be captured. Since the SEM at the NTC-Weiz is simply equipped with SE detectors, only
low energy electrons can be detected. The low energy causes a high interaction probability
with matter resulting in a small mean free path of SE in matter. For atoms with a high
atomic number like platinum the mean free path is approximately 2nm, for low density
ceramics it is approximately 23nm [41]. This means that only SE from the sample surface

can be detected.

Laser interferometric stage:

The sample is fixed at the interferometric stage. Here the electron beam can only be deflected
to a certain extend (max. 1mm?). This area is called the Write Field (WF). If the exposed
pattern is larger than the WF, the interferometric stage has to be moved to the next field
and there again deflect the beam with the deflection system. The interferometric stage has a

position accuracy of 2nm.

' ____——— ZrO/W electron gun

= 0 B
>

_ Aperture

Stigmator
e

Dynamic stigmator
Sub-deflector

[/ Main deflector

g ] [g\ Objective lens

; E g L i / Wafer on stage

Figure 3.1 — Left: EBL system at the NTC-Weiz (taken from [30]), right: Scematic of a simple
EBL column (taken from [32])

Electrostatic alignment and lens

Beam blanker
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3.2.2 Write field alignment and stitching error

The WF exists of a fixed amount of points that can be exposed, but an adjustable size. Con-
sequently the size of the WF determines the resolution. In this work the WF size was usually
100x1004m? which leads to a grid of possible exposure points with a distance of 1,6nm. If
the pattern extends over various WFs the interferometric stage has to be moved and the
WEFs have to be stitched together as illustrated in Figure 3.2. The stage and the deflected
beam are two different coordinate systems. To stitch the WF's precisely together, the trans-
formation between the two coordinate systems has to be known. The system calculates the
transformation via a WF alignment with input about pattern positions from the operator.
How this is done is explained elsewhere [31]. This WF alignment has to be executed prior
to every exposure because the signal to deflect the beam is passing through several elec-
tronic components with rounding errors and more or less long term drifts. An automated
WEF-alignment uses an image recognition software to determine the position of the pattern.
Though it is important that the pattern is well pronounced and unique, which can be done

by burning contamination dots.

Figure 3.2 — Scematic drawing of stitching write fields together (taken from [36]).

The stitching error is the positional error made by placing one WF next to the other resulting
in an overlap of the WFs or space in between. This can be due to bad or inaccurate WF-
alignment, charging effects or the thermal drift. For long exposures with a high accuracy the

appliance of an automatic WF-alignment during the exposure is a possible software option.

3.2.3 Beam drift

The positional drift of the Raith e-Line system was measured over 16 hours to be about
2um and therefore a drift of about 2nm/min. Similar results were published for a Raith 150
system, at which the drift was found to be less than 6nm/min with a thermal stability of
better than 0,3°C. There the largest drift of >20nm/min was found directly after loading the
sample and after a stabilization period the drift was less than 2nm/min [29]. This reflects

the importance of sufficient stabilization time for the system. As a rough rule it can be said,
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that the system has to stabilize at least 3 days after turning on the electron gun and 1 hour

after switching on the acceleration voltage.

3.2.4 Exposure and development of resists

Exposure of a resist in EBL means the deposition of energy by the electron beam. The
deposited energy depends on the energy of the electrons i.e. the acceleration voltage and
the number of charges applied to a certain area. The number of charges is described by the
applied dose. For an area A this is the product of the beam current I and the dwell time ¢,
which is the interaction time of the sample and the beam.

It

D=~ (3.2)

D ... applied dose, I ... beam current, ¢ ... dwell time, A ... exposed area

A sample for EBL is a substrate coated with a resist film. To expose small features the
aspect ratio (height of resist/lateral elongation) has to be small. Consequently the thickness
of the resist should be less than in photolithography. Standard is a resist thicknesses in the
sub-pum. Positive and negative resist types are used. The physical process during exposure
are cross-linking for exposed areas in a negative resist and a chain scission for these areas
in a positive resist. In the following development step polymer chains of molecular weight
below some critical value are dissolved. Changed molecular weights due to exposure lead to
different development rates. In summary exposed areas of a positive resist get dissolved and

with a negative resist only this areas remain after the development step (Figure 3.3).

ﬁ Resist
Substrate

l Exposure
i Cross-link
v v
% Exposed
Resist
‘ Development

roaq. C0eaitt™
negative | l ki W%
- i stasion

Figure 3.3 — Left: Difference between positive and negative resist (taken from [37] and modi-
fied), right: Cross-linking for exposed areas of negative resist and chain scission for
positive resist (taken from [38])
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3.2.5 Electron - sample interaction

The electrons are accelerated toward the sample (Figure 3.4). Penetrating electrons first
interact with the resist, that is a low dense material and therefore the main scattering event
is forward scattering. This is an inelastic interaction resulting in a small scattering angle. If
the kinetic energy of the electrons is high enough to transmit the resist, they interact with
the substrate. Normally the substrate is a higher dense material, for that reason the main
scattering event is backscattering. This is an elastic interaction and has a large scattering
angle. Especially this backscattered electrons makes the structuring difficult. Areas assumed

not to be exposed, get exposed with the long range backscattered electrons.

Backscattering Forward scattering

Figure 3.4 — Illustration of the short-range (forward scatter) and long-range (backscatter) in-
teraction of electrons with a resist-coated substrate (taken from [32]).

3.2.6 Proximity Effect

The proximity effect is the result of the electron - sample interaction explained in the last
section. Especially the long range backscattered electrons produce a background exposure
around the incident beam. This leads to deformations and rounding effects of edges in an
exposed object, the so called Intra Prozimity Effect. If the distance between the exposed
objects is smaller than the scattered electrons reach the background exposure of neighboring
objects superpose and add up, which is called Inter Proximity Effect. In the case of a negative
resist if the critical value for the developer is exceeded by this superposition, also areas where
no direct exposure was applied, withstand the developing process. In Figure 3.5 SEM images
are presented to demonstrate the intra proximity effect. To the object on the right side, a too
high dose was applied leading to this unwanted ’feet’ of remaining resist near the substrate

to both sides of the exposed area. In the inset the cross section of the object is pictured.

The dashed red line in Figure 3.6 shows the expected deposited energy in a resist of an
electron beam with a Gaussian-shaped intensity cross section. The actual deposited energy,
represented by the blue solid line, diverges significantly due to the backscattering of the
electrons. The model function of the actual deposited energy can be approximated by a

double Gaussian function. With this model function a proximity correction can be made.

28



Experimental methology

4 pm EHT= 100k Signal A = SE2 Date :2 Dec 2010 2pm EHT= 100 kv Signal A= SE2 Date :2 Dec 2010
= = Time 14:11:52 = P = = g Time :14:08:16 e
WD= 7mm Mag= 7.75KX eLINE WD= 7mm Mag= 819KX e L‘.NE

Figure 3.5 — SEM images to illustrate the intra proximity effect with an inset of the cross section
of the resist profile. Left: correct dose and no proximity effect, right: strong
proximity effect. The green arrows indicate same positions.

Thereby an adopted dose is calculated and applied, leading to a minimization of the proximity
effect. For structures fabricated in this work a proximity correction with the included e-Line
software by Raith was pointless because mainly of two circumstances:

The proximity correction software fractures objects in smaller elements and allocates them an
adopted dose value. If an object approaches small lateral dimensions the proximity correction
software is not able to place this fractured elements side by side without an positioning error.
This leads to deformed objects. Further a proximity correction increases the number of
exposed elements and therefore the overall exposure time. This is a critical value for structures
fabricated in this work. However, the proximity correction for small objects and thin resist
thicknesses can be done by adjusting the correct dose values, to keep the background exposure

below a certain limit.
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Figure 3.6 — Comparison of a Gaussian exposure (dashed line) and the actual energy deposited
(solid line) in a resist on a bulk substrate. The added long-range exposure is due
to electron scattering. (taken from[32])
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3.2.7 Exposure modus

There are different exposure modes available within the Raith software. The exposure with
the EBL-system is point by point, which means that the electron beam stays at the same

point during exposure.

11(12(13/14 /15|16 ... /
5/6/7|/8|/9/10
1l a4

Figure 3.7 — Demonstration of the difference between an area exposure (left) and a dot exposure
(right) using the example of exposing a circle.

Area exposure:

In the area exposure mode a designed object is fractured in smaller pieces with an adjustable
size of the grid (Figure 3.7). As a standard this is a 10nm grid, but the adjustment depends
on the size of the object. The lower limit of the grid size is given by the minimal dwell
time of the system of 400ns. Every one of this fractured elements gets a dot exposure. The
superposition of these dots produces the desired object due to electron scattering and the

spot size of the beam.

Dot exposure:

An alternative exposure mode is the dot exposure. Especially for structures produced in this
work (arrays of circles with a diameter in the sub-wavelength range) this fast method can be
used. Instead of fracturing the designed object like in Figure 3.7 on the left side, only one
dot in the middle of the circle is exposed, demonstrated on the right side. The diameter of

the circle is adjusted via the applied dose.

3.3 Lift-off from EBL structured negative resists

The developed resist get coated with a metal layer. The removement of the remaining metal
covered resist is called the lift-off. This can be done with a liquid chemical which dissolves
the remaining resist. Therefore the profile of the resist has to have a certain shape like in
Figure 3.8a) or c¢). A bad profile is pictured in b). Here the metal totally covers the resist

and the remover is not able to enter from the side to dissolve it.
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a) b) c) d)

Figure 3.8 — Different profiles of a structured resist, a) vertical flanks, b) bad profile, ¢) undercut
profile, d) structure after the lift-off

The ideal case would be the case in Figure 3.8c), here the remover can enter easily to

dissolve the resist resulting in a clean structured metal surface like in d).

In EBL the scattering processes with the substrate generate backscattered electrons
which produce the proximity effect (cf. 3.2.5 and 3.2.6). This leads to a trend of the profile

of a negative resist with increasing exposure dose like illustrated in Figure 3.9.
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Figure 3.9 — Trend of the profile with increasing exposure dose in EBL for a negative resist
(taken from [47] and modified).

Substrate

With the exposure dose adjusted too high, the large amount of backscattered electrons cross-
link the resist near the substrate in areas where the electron beam actually should have never
exposed it. This indirect exposure leads to 'feet’, coming out from the side making the lift-off
problematic or even impossible. In the case of a negative resist for EBL it is not possible to
adjust an undercut for a single layer system. Therefore bilayer systems are used [48]. Since
the lift-off with vertical sidewalls like in Figure 3.8a) worked for the produced structures,

no bilayer system was used in this work.

The results of a lift-off with a vertical sidewall structure and a bad structure are compared in
Figure 3.10. On the left side a good working lift-off is shown. This is the result of vertical
sidewalls of the object after the development step due to an exact applied dose, evident in
the bottom left inset. In the right image a structure with a too high exposure dose applied is

shown. The ’feet’ visible in the bottom left inset lead to an increased width of the line after
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Figure 3.10 — SEM image after the lift-off step with vertical sidewalls (left) and a bad profile
(right). Each with a SEM image after the development step in the inset in the
bottom left corner and a schematic drawing of their respective cross sections in
the upper left corner. The green arrows and green lines indicate same points.

the lift-off, indicated by the green lines and arrows. The metal on these feet is connected
with the metal on the substrate. The remover dissolves the resist underneath and in the
ultrasonic bath in the removing step this remaining metal flaps out. The resulting metal

flanks are visible in the SEM image on the right side.

3.4 Sample preparation

The preparation of the samples for the EBL exposure and the spin coating process of organic

layers on float-glass as well as on Au is the content of this section.

Substrate preparation for EBL exposure

The final objective of the structured metal films is the use as front electrodes in OSCs.
Therefore the substrate should be transparent to the visible range (380-780nm) and infrared
radiation (>780nm) of the electromagnetic spectrum. Glass fulfills this requirements but
as it is an electrical insulating material negative charges placed on with the electron beam
are not able to discharge to the ground and accumulate on the sample. This results in an
electric field which influences the electron beam and leads to problems with focusing and
the necessary alignment procedures shortly introduced in section 3.2. To overcome these
problems, the samples need an electric conducting area connected to the stage, at which a

discharge to the ground is possible.

The substrates used in this work were float-glass covered with Indium Thin Oxide
(ITO) (Figure 3.11). To obtain only a small conducting area for the electron beam the
ITO layer was structured with Hydrochloric Acid (HCI). Additionally this area can be used
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as reference ITO electrode on the same sample. As a result differences in process conditions

between the samples can be avoided.

Bk
l LLE

a) b) c)
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Figure 3.11 — Structuring of the ITO layer, a) ITO covered float-glass; b) Partly etched ITO
layer; ¢) Pad 1 and 8 as reference ITO electrode;

Substrate cleaning

First the substrate were pre-cleaned with acetone and isopropanol in the laboratory. To
prevent contaminations the following work was done in a laminar-flow box in an ISO class 6
cleanroom at the NTC-Weiz:

The substrate was rinsed with acetone and dried with the N> gun. This steps were repeated
with isopropanol. Afterwards the sample was further cleaned with an ultrasonic bath in
isopropanol for 15 min at level 4. Then the sample was dried again with No and after a
rinsing step with deionized water, every impurity should be removed. Subsequently the
sample was dried with Ny and the spin coater at 5000rpm for 100s. A dehydration bake

was applied at 200°C for 5 minutes in Ny atmosphere to ensure that the surface is free of water.

Resist and HMDS coating

The cleaned substrate was oxygen plasma activated at about 0,4mbar to turn the surface
hydrophilic. Directly afterwards a layer of HMDS (Hexamethyldisilazan) was evaporated.
The HMDS molecule chemically bonds with its Si atom to the oxygen of the oxidized
surface by releasing ammonia. The remaining methyl groups of the HMDS fragment form a
hydrophobic surface [33]. This hydrophobic surface improves the resist wetting and adhesion.
The used resist was a NLOF 2070-500nm grade from MicroChemicals [34]. It was spin
coated on the surface treated sample with 4000rpm and a ramp of 2 for 60 seconds, leading
to a resist thickness of 400nm. In order to further improve adhesion the remaining solvent
was reduced by a thermal treatment at 100°C for 60s, called Softbake [44].

The resist above the ITO was wiped away and polystyrene spheres with a diameter of

100nm were applied. These spheres facilitates the alignment procedures of the electron beam.

PEDOT:PSS coating
Float-glass substrates coated with Au were covered with PEDOT:PSS (Poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate)).  Since the PEDOT:PSS is dissolved

in water the hydrophilic or hydrophobic nature of the Au surface is important for the wetting
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property. The surface property of Au surfaces was discussed over decades in the scientific
community. This controversy in literature resulted from different ’clean’ Au surfaces. Clean
Au surfaces can only be obtained under Ultra High Vacuum (UHV) and under this conditions
the surface is hydrophilic [39]. An exposure to atmospheric air reduces the high surface free
energy of gold by adsorption of organic molecules [40].

To establish defined conditions the Au covered substrates were plasma activated with oxygen
plasma for 10min at about 0,4mbar. Directly afterwards PEDOT:PSS were spin coated with
2500rpm for 40s and a ramp of 4, leading to a 55nm thick PEDOT:PSS film on Au. Without
this plasma activation the PEDOT:PSS film was not wetting and in some cases no uniform
film was established. To remove any residual solvent, the layer was annealed at 120°C with

an ambient pressure of about 10~*mbar for 20min.

PTB7 coating

The following work was performed in an argon-box. The PTB7 (Poly[[4,8-bis[(2-ethylhexyl)
oxy|benzo[1,2-b:4,5-b’|dithiophene-2,6-diyl|[3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-
b]thiophenediyl]]) was dissolved in chlorbenzene with a concentration of 10g/l. This solution
was stirred first 20min at 50°C and then 1h at room temperature. The cleaned float-glass or
the Au covered float-glass were plasma activated for 10min in an oxygen plasma to establish
surface activated and therefore defined surfaces. Then the PTB7/chlorbenzene solution was
spin coated with 1200rpm for 120s and a ramp of 4 resulting in the same thickness of the

organic layers of around 32nm.

3.5 Characterization methods

To obtain the optical and structural properties of the fabricated structures a variety of analysis

tools were used:

3.5.1 Profilometer

The layer thicknesses were measured with a DEKTAK150 Profilometer. To estimate the layer

thickness the mean of 3 different positions on the sample were taken.

3.5.2 Scanning Electron Microscope (SEM)

The SEM at the NTC-Weiz is a part of the Electron Beam Lithography (EBL) system, which

is the Raith e-Line introduced in section 3.2.
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3.5.3 Atomic Force Microscope (AFM)

The AFM measurements were performed by Alexander Bliimel on a VECCO Nanoman VS
atomic force microscope. The working principle is, that a cantilever with a sharp tip scans
the surface. Forces between the tip and the surface deflect the cantilever. This deflection is
measured with a laser spot that is reflected from the top of the cantilever. The forces between
the tip and the surface depend on the operational mode of the AFM and can be mechanical
contact forces, Van der Waals forces, capillary forces, chemical bonding, electrostatic or

magnetic forces.

3.5.4 Transmission measurements

The transmission measurements were performed with a PERKIN ELMER UV/VIS/NIR
LAMBDA 900 spectrometer. In this spectrometer 2 radiation sources a deuterium lamp and
a halogen lamp cover the working wavelength range UV /VIS/NIR. The light is monochro-
mated before the beam interacts with the sample. Spectra recorded for this work are zero
order transmission spectra that means the incident and the detected light are collinear. The
samples were always placed into the spectrograph in such a way that the incident beam
enters perpendicular to the sample surface, first passing through the substrate and leaving
the sample at the side where the structured metal and/or the polymer was coated (Figure
3.12). To illuminate only the structured area, a relative small quadratic aperture of about

1x1mm? was used in the incident beam directly in front of the sample.

L M D

&

Figure 3.12 — Principle setup of zero order transmission measurements with the main compo-
nents: lamp (L), monochromator (M), sample (S) and detector (D).

=

The absorbance of a polymer layer was calculated as:

1
Abs =In (;) (3.3)

With I the intensity of the reference beam through the glass substrate and I the intensity

after passing through the polymer covered glass sample.

To measure additionally the scattered light and not only the zero order beam a setup

with an Integrated Sphere (IS) was used which is schematically pictured in Figure 3.13.
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IS

= o

Figure 3.13 — Principle setup of measurements with an integrating sphere and the main com-
ponents: lamp (L), monochromator (M), sample (S), integrating sphere (IS) and
detector (D).

3.5.5 Photoluminescence (PL) measurements

PL measurements were done with a SHIMADZU RF-5301PC Spectrofluorometer. The sam-
ples were inserted in the sample holder like demonstrated in Figure 3.14. The incident beam
hits first the polymer layer, then the substrate or underlying coatings. In the schematic draw-
ing of the setup it is indicated that the exciting beam hits the sample in a different angle as
the recorded beam gets detected. The exciting beam angle « is about 36° and the recording
beam g about 56°. This means direct reflected light can only reach the detector due to diffuse
reflection e.g. because of surface roughness. An aperture with a quadratic opening of about

4x4mm? was used directly in front of the sample.

D

S @

Figure 3.14 — Principle setup of photoluminescence measurements and the main components:
lamp (L), monochromator (M), sample (S), detector (D)
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Chapter 4

EBL fabrication of plasmonic

electrodes

Besides the excitation of Surface Plasmons (SPs) by light or electrons it is also possible to
excite SPs by electroluminescence in OLEDs on their metal electrodes [42]. With respect to
the light emission of OLEDs, this can be a mayor loss channel. Alternatively this effect is

used to emit SPs in a controlled way by an organic plasmon-emitting diode [43].

If this effect can be used in the opposite direction i.e. SPs increase the exciton gen-
eration, an improved light incoupling is possible for OSCs. To excite SPs by photons a
grating is necessary to compensate the mismatch of the momentum (cf. section 2.4.3). The
plasmonic electrodes fabricated in this work are optical thin metal films with a periodic
sub-wavelength hole array as coupling element (Figure 4.1). The structure is produced via
EBL and a lift-off technique. Since the exposure is time optimized structuring of a 3x3mm?

area in about 10h is possible.

1 pm EHT = 1.00kV. Signal A = SE2 Date :16 Dec 2010

WD= 7mm Mag= 11.25 KX Time :15:19:57 eINE

Figure 4.1 — Left: Gold film with plasmonic electrodes illuminated with white light.
Right: SEM image of plasmonic electrode.
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4.1 Lithographic process

The main steps of the lithographic process include: sample preparation, exposure with the
electron beam, development of the resist, thermal evaporation of a metal film and the re-

movement of the remaining metal covered resist the so called lift-off (Figure 4.2).

1 Exposure

Development resist

b)

Metal coating

c)

Lift-off

d)

Figure 4.2 — Lithographic process with a negative resist. a) Exposure of the sample; b) Sample
after the development step; ¢) Sample after thermal evaporation of a metal film;
d) Sample after the lift-off process;

The sample preparation includes substrate cleaning, applying an adhesion promoter and
a 400nm thick negative resist (NLOF 2070-500nm [34]). This steps are explained in the

sample preparation section (3.4).

The ezposure was done via a time optimized exposure procedure with the e-Line. To

complete the cross-linking a Post Exposure Bake (PEB) at 110°C for 60s was applied.

In the development step, the resist is selective dissolved. Therefore the sample was
immersed into the developer AZ826MIF [34] for 70s, rinsed with deionized water, dried with
N and the spin coater (2000rpm for 50s).

The step from b) to c) in Figure 4.2 is the metal coating. In this work different
thick Au films were thermally evaporated. Due to bad adhesion between Au and the

substrate, a Cr layer was used to improve adhesion [35].

For the final lift-off step two methods were used. Primary a wet chemical lift-off
with the remover NMP (N-Methyl-2-pyrolidone) [34] was done by immersing it into the

remover Smin with an ultrasonic bath, level 2 at 65°C. To complete the step, the sample was

38



EBL fabrication of plasmonic electrodes

rinsed with deionized water, dried with N2 and the spin coater (5000rpm for 50s).
For structures exposed with the EBL dot exposure mode, a polymer was applied and the

remaining metal covered resist was stripped off.

4.1.1 Exposure with EBL system

As mentioned in the first chapter, the final objective of this work, was to incorporate the
structures in organic optoelectronic devices. The standard dimension for OSC and OLED
at the NTC-Weiz is 3x3mm?. Therefore it was beneficial to fabricate as well such large

structures to enable an easy incorporation.

4.1.1.1 Time optimized parameters

Structuring an area of 3x3mm? with sub-wavelength features via EBL is a high technical
effort, since the EBL-system is a single beam system and the features have to be exposed one
by one in a serial manner. This makes an optimization of all the time dependent parameters

necessary and will be discussed in this section.

To quantify the overall exposure time, a particular example will be used. The ex-
posed pattern is a sub-wavelength circle array, which finally leads to the sub-wavelength
hole array (Figure 5.5) thus the plasmonic electrode. The period, which is the distance
between the circles is 500nm and the diameter of the circles are 200nm with the structured

area extending over 3x3mm?. Consequently there are 36 million circles to be exposed.

Principally exposure time was reduced by optimizing the settling time, the dwell time

and a change of the exposure modus.

4.1.1.1.1 Settling time

For stabilization of the electron beam this waiting period is applied before exposing a
new object. The settling time is adjusted in the ms range, for non time critical exposures.
Since the unit waits the settling time before exposing individual objects, with an adjustment
of 20ms and the aforementioned example of 36 million circles this time adds up to a total
time of 200h. In the same way 20us settling time add up to only 12min, which points out

the importance of optimizing this adjustment.

The influence of the settling time adjustment on the resulting pattern was analyzed
by a circle array test pattern with a variation in the applied dose as well as the circle

diameters (Figure 4.3). The results were analyzed concerning the magnitude of the
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stitching error. By exposing the pattern with a constant settling time, it was noted that the
stitching error depends on the circle diameters and dose values. More precisely this error
is reduced with smaller dose values and smaller diameters of the circles. This means that
fewer electrons were put on the sample and it seems likely that this stitching error is mainly

produced by charging effects.

Figure 4.3 — Optical microscope image to demonstrate the influence of the settling time on the
stitching error. Sample: 400nm thick AR-N 7520.18 from Allresist on glass after
the development, left: 20ms settling time and a very small stitching error, right:
20ps settling time with increased stitching error. The arrows indicate same points
of stitching errors.

By exposing two patterns, with different settling times an additional dependency of the
stitching error on the settling time was noted (Figure 4.3). In the left image the pattern
was exposed with a settling time of 20ms in the right image a settling time of 20us was
adjusted. It can be seen that with the shorter settling time a more pronounced stitching
error is present. This can also be explained through charging effects:

During the longer settling time, the charges have time to distribute better in the resist or
even partly discharge, therefore lower local charging is present, which reduces the stitching

error.

A compromise between time and accuracy was made and consequently the settling

time was adjusted to 0,2ms.

4.1.1.1.2 Dwell time
The actual time the electron beam is exposed to the sample i.e. the dwell time, de-

pends on the applied dose, the beam current and the exposed area. In formula (3.2) it

appears to be the following possibilities to reduce the dwell time:

40



EBL fabrication of plasmonic electrodes

e Minimization of the exposed area A:
As explained in section 3.2.4 positive and negative resists can be used. For this kind
of application, a positive resist implies more complicated techniques. This can be a

mix-and-match technique where photolithography and EBL are combined [45].
® & 0O
® & 0O
® © 0O

Figure 4.4 — Illustration of the difference in exposed area of a positive resist (right
side) and a negative resist (left side). The pigmented area represents
the area to be exposed by the electron beam for obtaining the same
results.

However exploring these options more in detail is not necessary, as demonstrated in
Figure 4.4 the exposed area is much larger with a positive resist. Using the geometric
values of the above mentioned example results in a 8 times larger area to be exposed.
This points out, that for the fabrication of a metal film with sub-wavelength holes by
a lift-off technique, a megative resist has to be used in order to keep the dwell time

within a certain limit.

e Maximization of the beam current I:
The beam current can be adjusted by the aperture of the SEM. To understand the
relation between the aperture, the beam current and the total exposure time, a test
pattern with different circle arrays was designed. The pattern was exposed several
times using the same applied dose but different apertures. The beam current and the

total exposure time were measured (Figure 4.5).

A polynomial fit was made with the data of the beam current and it reflects

the 72 behavior, since the beam current is proportional to the area of the aperture.

The total exposure time first drops radical, increasing the aperture. With 20um
to 120pum diameter apertures only little changes in the total exposure time are present.
This means that system relevant times (i.e. settling times or stage move time) are
much larger than the dwell time itself. As a result an aperture with a diameter
larger than 20pm is not a potential time saving adjustment. Furthermore alignment
procedures can be challenging, using bigger apertures. Accordingly a 20um diameter

aperture was used.
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Figure 4.5 — Beam current and total exposure time for a test pattern of different
circle arrays exposed with the EBL dot exposure mode as a function
of the aperture size.

e Minimization of the applied dose D:
There is the possibility to use a very sensitive resist and therefore a less applied dose
is necessary to cross-link the polymer. Another option would be to use a lower acceler-
ation voltage. With a lower acceleration voltage the electrons have less kinetic energy
and the interaction probability between molecules of the resist and electrons is higher.
Hence a lower applied dose is necessary. The drawback of a lower acceleration volt-
age is a reduction in lateral resolution since the higher interaction probability causes a
higher fraction forward scattered in relation to backscattered electrons. This broadens
the beam in the resist and consequently, as the beam energy is reduced, the smallest

producible feature increase [46]. The acceleration voltage used in this work was usually
20kV.

4.1.1.1.3 Exposure modus

There is the possibility of an area exposure or a dot exposure (cf. section 3.2.7). For
sub-wavelength circle arrays exposed with the area exposure not only millions of circles have
to be exposed, as well every circle is fractured into about 100 pieces where the e-beam has
to be positioned. Therefore the overall exposure time increase exorbitantly. Alternatively
in the dot exposure mode one circle gets one exposure in the center of the circle. With the
dot dwell time the diameter of the circle can be adjusted. The huge reduction of overall

exposure time is evident in Table 4.1.
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Table 4.1 — Comparison of the overall exposure time for different exposure modes and different
periods of a 3x3mm? sub-wavelength circle array with a circle diameter of 200nm

p ... period of the hole array
tp ... overall exposure time for the dot exposure mode
t4 ... overall exposure time for the area exposure mode

’p/nm‘tp/h‘tA/h‘
500 10,3 124,8
1000 | 3.6 | 312

4.1.1.1.4 Summary time optimized parameters

The time optimized parameters and settings for the fabrication of plasmonic electrodes via

a EBL system are summarized in Table 4.2.

Table 4.2 — Essential parameters for the fabrication of plasmonic electrodes

Parameter Value
Settling time 0,2ms
Resist negative
Aperture 20pm
Acceleration voltage (EHT) 20kV
Exposure modus dot exposure

Additionally it has to be noted that for patterns with repeating objects, Structure References
should be used. A structure reference is a reference to a object. This can be a single object
like a circle, or a structure which is a group of objects, like a circle array. This way repeating
structures can be transfered to the lithographic system only by a reference, which saves
transfer time and minimizes the chance that an error in the EBL system occurs. Mostly such

errors occur during long exposures with the only message: "EXPOSURE ERROR”.

4.1.1.2 Exposure dose for sub-wavelength circle arrays

According to the results of Table 4.1 the EBL dot exposure mode should be used for the
fabrication of sub-wavelength circle arrays to limit the exposure time. To know which dot
dwell time is necessary for a desired diameter of the circles, the dose-diameter relation has
to be measured. Therefore a dose test pattern was designed, pictured in Figure 4.6a) after

the development step.

An important property is the dependency of the dose-diameter relation on the period of
the circle array. This means that a dose test pattern with different periods is necessary.
Therefore arrays of 20x20 circles with a period of 1000, 750, 500 and 400nm were designed.
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period

a)

Figure 4.6 — Dose test pattern to obtain the dose-diameter relation. Sample: 400nm thick
NLOF2070-500nm grade on glass after the development; a) Optical microscope
image after development of the entire dose test; b) More detailed optical microscope
image of one of the 20x20 circle matrices; ¢) SEM image of partly tilted pillars;

In Figure 4.6a) this variation can be seen in the vertical direction. In the horizontal

direction the variation of the dwell time was done by applying different exposure doses at
each of the 20x20 matrices highlighted in Figure 4.6b). The SEM image in Figure 4.6c)

shows tilted pillars to get a topographic impression and to remind that this circles in a) and

b) are pillars of resists standing on a glass substrate.

The entire lithographic process as explained in section 4.1 was carried out, resulting

in different metal hole arrays. All the diameters of the holes were measured via the SEM

and the results are shown in Figure 4.7
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Figure 4.7 — Dose-diameter relation (left) for different periods of the hole array exemplary pic-
tured on the right side

In this graph the dependency of the dose diameter relation on the period can be seen. To

analyze the dependency, dose values for a 200nm hole diameter array are listed in Table 4.3.
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Table 4.3 — Dose values for a 200nm hole diameter array for different periods

Period p / nm ‘ Applied dose D / fC ‘

400 15,7
500 19,7
750 32,0
1000 35,4

It can be seen, that with increasing period the applicable dose increases as well. This
increase of the dose gets smaller with increasing period and seems to come to a level where
it stays the same. That is, the dependency of the applied dose vanishes at a certain distance.
Since the period is in the range were backscattered electrons are expected (cf. section 3.2.6),
electrons are scattered in the entire resist. This means as well in between the direct exposed
circles. As a consequence the superposition of the backscattered electrons produce a more or
less strong background exposure in the resist (inter proximity effect). The strength depends
on the period of the array. In between the circles only this small background exposure is
not enough to cross-link the polymers sufficient to reach the molecular weight to withstand
the development process (cf. section 3.2.4). In the area of the direct exposed circles the
polymer has already cross-linked and reached this critical molecular weight and a further
cross-linking due to the background exposure don’t change the result. In contrast at the
border of these circles this small background exposure can be enough to exceed the critical
value. As a result, circle diameters increase with decreasing periods by applying same dose
values. Hence, to obtain the same circle diameters with reduced periods the applied dose

values have to be decreased.

In Figure 4.7 it can be seen that the diameter is only adjustable in a certain win-
dow. The minimum diameter is limited by the fact that these resist pillars on the substrate
tilt due to bad adhesion, if the aspect ratio gets too high. This could be reduced by reducing
the resist thickness. The maximum diameter is limited by the intra proximity effect. Due
to the large diameter i.e. high exposure dose the resist near the substrate is cross-linked,

producing a bad profile of the structure and the following lift-off step is impossible.

4.1.2 Development

The not exposed parts of the resist were dissolved with the developer AZ826MIF [34] by
immersing the sample for 70s. Afterwards it was rinsed with deionized water, dried with Ng

and the spin coater (2000rpm for 50s).

After the development step, resist pillars are standing on the sample, which after the

lift off step represent the holes of the metal hole array. These standing pillars form a 2dim
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Photonic Crystal (PhC). A PhC has a photonic bandgap, which is a forbidden energy range
for photons in the crystal. Illumination of the PhC with Photons of this energy results in
reflection of the photons. Since this are 2dim PhC the energy of the bandgap depends on the
incidence angle of the beam. In the 3dim case this can be compared with a semiconductor

and the bandgap for electrons.

In Figure 4.8 a sample with three different structured areas after the development
step can be seen. This areas form 3 different 2dim PhCs, which are illuminated with white
light. Due to the different periods of the PhCs, different wavelength of the white light are

forbidden in the crystal i.e. get reflected outward.

Figure 4.8 — Sample after the development step, illuminated with white light under the stereo
microscope. The 3 structured areas with a period of 500nm, 750nm and 1000nm
form different 2dim photonic crystals.

4.1.3 Metal coating and lift-off

The exposed and then developed samples were coated with a metal layer in an evaporation
chamber, which was evacuated to a pressure of < 10" %mbar. Primary a 2nm Cr adhesion
layer with a deposition rate of O,QA/ s and secondary a 30nm Au layer with a deposition rate

of 2A /s was evaporated.

Nlumination of such metal coated, 2dim photonic crystals with white light results in
a reflection of different colors at certain angles due to different periods of the structure.

Pictures of a sample, captured at different angles can be seen in Figure 4.9.
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500nm

1000nm

750nm

400nm

Figure 4.9 — Sample after evaporation of 2nm Cr / 30nm Au, illuminated with white light. The
different structured areas are indicated with its periods of 400nm, 500nm, 750nm
and 1000nm. They form different 2dim photonic crystals covered with a metal
layer.

4.1.3.1 Lift-off process: Wet chemical vs. First Contact™ polymer

Two different methods for the lift-off process were used. In the first place a wet chemical
lift-off with the remover NMP (N-Methyl-2-pyrolidone) [34] was done by immersing it into
the remover Smin with an ultrasonic bath, level 2 at 65°C. To complete the step, the sample
was rinsed with de-ionized water, dried with Ny and the spin coater (5000rpm for 50s). The
second method with a polymer was used for structures exposed with the EBL dot exposure
mode (section 3.2.7). The wet chemical lift-off worked well for arrays fabricated with the area
exposure, in contrast with the dot exposure the metal was not lifted over the entire areas.

This can be seen in Figure 4.10 in the optical microscope image.

Figure 4.10 — Left: Sample with 3 structured areas with the dot exposure mode after thermal
evaporation of 2nm Cr / 30nm Au. Right: Optical microscope image of one
of these structured areas after the lift-off. The metal was not lifted completely
represented by darker areas, emphasized by the arrow. The grid with the distance
of 100pm are stitching errors of the 100x100um? write fields.
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In the SEM images in Figure 4.11 it can be seen that the brighter areas of the optical
microscope image in Figure 4.10 represent a good working lift-off and in the darker areas

the lift-off was not working well.

1pm EHT =20.00 kV Signal A = InLens Date :8 Apr 2011

i gr
WD= 8mm Mag= 507KX Time :113:00:44 e'L'lNE WD= 8mm Mag= 5.00 KX Time :13:03:41 e‘EN

Figure 4.11 — SEM images of the different bright areas from the optical microscope image in
Figure 4.10. Left: Working lift-off expressed by the bright areas. Right: Not
working lift-off expressed by dark areas.

The first suspicion was that with the dot exposure, the profile of the structure is not vertical
enough, and therefore the metal covers the entire resist in some areas and consequently
cannot be dissolved by the remover. The SEM at the NTC-Weiz is not equipped with a
tilting stage. To get an impression of the structures profile, the sample was put in tilted like

it is shown in Figure 4.12 on the left side.

- ”W‘Mnn‘mw

' o o 60 O W N BE R R |
N
;v
e S B T
A a1 aaaas

200 nm EHT=1000kV  Signal A= InLens Date :7 Apr 2011

= = Time :14:25:10
WD= 11mm Mag = 33.05 KX eLINE
e =

Figure 4.12 — Left: Image of the tilted sample in the vacuum chamber. Right: Perspective
blurred SEM image of a dot exposed structure after thermal evaporation of 2nm
Cr / 30nm Au.

The SEM image in Figure 4.12 was captured after the thermal evaporation step of the
metal to get better images avoiding charging effects. It shows the profile of the structure,

which was the same over the complete structured area. As well the distributor of the
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resist-developer-remover system, MicroChemicals confirmed that the lift-off with this resist

profile should not cause any problems.

Therefore more tests were done with structured resists directly after the development
step, i.e. without the metal on it. The removing steps were performed with increasing
process times and the samples were inspected, if the complete resist was lifted. With this
tests it turned out that the remover was not able to dissolve the resist even after 2h for
samples exposed with the dot exposure mode. MicroChemicals explained the circumstance
through a too strong cross-linking of the polymer in the resist as a consequence of the
unusual exposure method. As a result, the resist gets hard baked during exposure and the
remover is not able to dissolve the polymer. To overcome this problem a different lift-off

technique with a polymer was elaborated.

First Contact Polymer is a product for cleaning and protecting precision optics and
surfaces. It is a specially formulated polymer solution on acetone base that has been
chemically optimized to minimize the surface adhesion. This polymer was used for the lift-off
by putting a drop of this solution on the structured area. A waiting period of about 2h was
enough to totally evaporate the solvent. Then the lifting was carefully started at one edge.
Once the edge has started lifting, the entire film was coming off. It has to be noted that this
method was not working always well. Sometimes the complete metal film was removed from
the substrate. An improvement of the procedure was achieved, while putting the sample into
the fridge for about 20min, before dropping the polymer on it. Here an additional condensed
water layer between the metal and the polymer further reduced adhesion. A further surface

treatment could also be a plasma activation.

The lift-off with the polymer worked most times, but only with an increased chrome
layer thickness compared to the wet chemical lift-off. Probably with a alternative resist the
problem of hard baked resist during exposure don’t occur and the wet chemical lift-off can

be used.

4.1.3.2 Minimization of the chrome layer

Always a chrome layer under the gold film is necessary to establish adhesion to the glass
substrate. Unfortunately the optical properties of chrome in terms of semi-transparency are
worse than for gold and SPP propagation is damped in chrome. This properties will be
discussed more detailed in section 5.2.1.2. Accordingly the chrome layer has to be minimized
if such a metal compound is used as semitransparent plasmonic electrode. Therefore 3 float-
glass samples coated with 30nm Au were prepared with a variation of the chrome layer from

0 to Inm. These films were prepared without any structure. After the thermal evaporation
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of the metals they were immersed in the remover NMP at 65°C for Smin with an ultrasonic
bath at level 2 to simulate the wet chemical removing process. After these steps the samples

looked like it is shown in Figure 4.13.

Figure 4.13 — Au coated glass substrates with (left) Inm, (middle) 0,5nm and (right) without
a chrome adhesion layer, after being in the remover NMP for 5min at 65°C in an
ultrasonic bath at level 2.

The force of the ultrasonic vibrations in the bath partly removed the Au layer from the
sample without the Cr adhesion layer. The conclusion of this small experiment was that the

chrome layer of 0,5nm is enough for the defined wet chemical removing step.

For the lift-off with First Contact™ polymer a similar experiment showed that a

2nm chrome layer is necessary to establish sufficient adhesion.

4.2 Thermal treatment

To get a topographic information, structures exposed with the dot exposure method and
lifted-off with the First Contact™ polymer were investigated with the Atomic Force Micro-
scope (AFM). A 2x2um? AFM image of a metal hole array with a period of 400 and 500nm

is shown in Figure 4.14.

Some metal spikes up to 50nm in height were observed. These are residuals of metal adhered
on the side of the resist pillars which were standing on the substrate. The cross section of
one particular spike in Figure 4.14 left side, shows a height of 32nm. Holes were still partly
filled with resist, observable in the cross section on the right side of the figure. One partly
filled hole had a depth of 22nm. To reduce the metal spikes an annealing step at 300°C for
3h at an ambient pressure of 100mbar was applied. After the annealing step the height of
this particular metal spikes reduced down to 9nm and the hole was deepened down to 30nm
(Figure 4.15).
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Figure 4.14 — AFM image of a hole array in 2nm Cr / 30nm Au with a period of 400nm (left)
and 500nm (right) before the thermal treatment.
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Figure 4.15 — AFM image of a hole array in 2nm Cr / 30nm Au with a period of 400nm (left)
and 500nm (right) after the thermal treatment.

The investigation with the AFM showed that an additional thermal treatment improves the

quality significantly.

4.3 Concluding remarks

It was shown, that structuring areas with sub-wavelength features, extending over mm?

by means of EBL is possible if all time critical adjustments are optimized. Applying the
standard area exposure, is very time consuming but feasible. If the feature is a circle array
the elaborated dot exposure is preferable due to the enormous reduction of exposure time (cf.
Table 4.1). Via a lift-off technique, plasmonic electrodes i.e sub-wavelength hole arrays in
metal films extending over 3x3mm? with a period down to 400nm and hole diameters down
to 100nm are feasible. For arrays fabricated with the area exposure a wet chemical lift-off can
be performed. In contrast for structures fabricated with the dot exposure mode the lift-off
with a polymer has to be used, due to bad performance of the resist. The minimum Cr layer
for a wet chemical lift-off was determined to be 0,5nm and for the lift-off with the polymer
2nm. Due to the enormous reduction in exposure time with the dot exposure mode, this was
the method of use for structures characterized in the next section, unless otherwise specified.

The additional annealing step yields a significant quality improvement of the structures.

o1



Chapter 5

Characterization results of

fabricated structures

In this chapter the fabricated metal films are characterized by AFM, SEM and optical spec-
troscopy. The metal films with hole arrays were fabricated with the dot exposure EBL mode,
unless otherwise specified. The optical characterization was done by transmission and pho-

toluminescence measurements also in combination with the polymer PTB7 (Figure 5.1).

AFM / SEM Transmission Photoluminesence
_Au
~Cr
d p d p
ST A | T A —PTB7
~Cr ~Cr
o _PTB7
—PTB7 (’élri
_PTB7 ,PTB7
AU Cr
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d p d p
_PTB7 _PTB7
—Au —Au
\Cr \Cr

Figure 5.1 — Outline of different device configurations investigated in this chapter via AFM,
SEM, transmission and photoluminescence measurements.
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5.1 Topographical properties

The topographic profile of a metal hole array was investigated with the AFM. Different scan

areas of a structure with 500nm period can be seen in Figure 5.2.

(=] ) ata Zoon | ! vezsue | [ 22N

1: Height i 1: Height

Figure 5.2 — 20x20um?, 5x5um? and 2x2um? scanned area with the AFM and a topographic
profile over 4 holes in the 2x2um? area.

In summary it can be seen, that the resist was removed in the lift-off process, confirming that

the fabrication of this structures worked.

5.2 Transmission properties

The zero order transmission measurements were performed as explained in section 3.5.4 with
the principle experimental setup illustrated in Figure 3.12. For measurements of scattered

light the principle experimental setup with an integrating sphere was used (Figure 3.13).

5.2.1 Unstructured gold/chrome coatings on glass

Unstructured Au/Cr coatings of different thicknesses are the subject of investigation in this
section. First the Au film thickness is varied with a constant thick Cr glue layer underneath.

Second the influence of the Cr layer is shown by changing the Cr layer thickness.

5.2.1.1 Gold layers of different thicknesses

Different thick gold layers were prepared on glass by thermal evaporation. The glass first
was coated with a 0,5nm thick chrome layer to promote adhesion between glass and Au.
The transmission spectra of these Au coatings are compared with the transmission of glass
covered with and without an Indium Thin Oxide (ITO) layer.
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Figure 5.3 — Zero order transmission spectra of different Au coatings with a 0,5nm Cr adhesion
layer on glass with the interband transition peak.

In Figure 5.3 it can be seen that the glass has a constant transmission of about 90% in
the visible range. In the ultraviolet (UV) region the glass strongly absorbs the photons,
evident in the low transmission at a wavelength of A=300nm. Two peaks are present in the
spectrum of the ITO covered glass, one in the UV region and the other at about A=600nm,
but the average transmission can be specified to be about 80%. The gold coatings are all
less transparent than the I'TO. The transmission intensity has a characteristic peak at about
500nm. Almost no transmission was observed for the 140nm Au layer and therfore it is
called optical thick. The peak positions and intensities of the optical thin layers are listed in

Table 5.1. It can be noted, that the peak shifts to the red with decreasing layer thicknesses.

Table 5.1 — Peak positions and transmission intensities for the Au coatings from Figure 5.3
d ... Thickness of the Au layer on 0,5nm Cr / glass
p ... Peak position
T ... Transmission intensity at the peak

|d/nm [ p/nm [T /% |

10 543 63
20 526 46
30 516 33
40 507 22
50 506 16
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Peak position:

Mooradian et al. measured 1968 photoluminescence of metals [51]. This was explained by a
radiative recombination between electrons in conduction-band states below the Fermi level
and holes in the d-bands generated by optical excitation. Various authors explain this Peak
with the interband transition of gold [54, 55].

An interband transition from the filled d-bands to empty states above the fermi level has
for gold a minimum energy of 2,3eV [52]. This corresponds to a wavelength of 539nm which
is in the blue part of the spectrum and suits well to the peak positions observed in this
measurements. This results show that for thin Au layers the blue part of the spectrum
interacts less with the material or its surface. Consequently in the bulk material the blue
part can penetrate further into the material and thus can not be reflected out of it, leading
to a stronger absorption in the bulk. The stronger absorption of the blue part gives gold its
specific yellowish color since the complementary color of blue is yellow. This is the reason
why gold mirrors are only used in the infrared region, preferable for the visible is silver which
has its interband transitions at 3,9eV [52], that is in the UV and thus no strong absorptions

in the optical occur.

Shift of the peak:

This peak is explained by other authors with the bulk plasmon resonance of a gold film [57].
The bulk plasmon resonance of Au has an energy of 9,01eV [52] which correspond to light
in the UV region. Although this is based on a very simple model (formula 2.14) it doesn’t
account for contributions of the valence band. This contribution from the valence band are
the aforementioned interband transitions and a more complex model of the bulk plasmon
resonance would include an additional expression in the formula to describe a resonance
at the interband transition energy. The shift of the bulk plasmon resonance peak with
decreasing layer thickness to longer wavelength i.e. a decrease of the plasma frequency is
known in metallic films [53]. There is no commonly accepted interpretation of this thickness
dependency. It might be caused by a dependency of the electron density or the electron
mass, the large number of surface atoms or maybe the influence of the substrate.

Since the shift of the bulk plasmon resonance is known it is not surprising that the interband

transition peak shifts as well.

5.2.1.2 Influence of the chrome layer

As mentioned before gold has a low adhesion to glass surfaces. A glue layer of chrome is
commonly used to promote adhesion [35]. The influence of different thick chrome layers
under a 30nm Au layer on the transmission spectrum is presented in Figure 5.4 and the

spectral positions and intensities of the peaks are listed in Table 5.2.
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Figure 5.4 — Transmission spectra of different Cr layers on glass under a 30nm Au layer with
the interband transition peak.

Table 5.2 — Peak positions and transmission intensities for different Cr coatings under a 30nm
Au layer from Figure 5.4

d ... Thickness of the Cr layer
p ... Peak position
T ... Transmission intensity at the peak

|d/nm [ p/nm [T /% |

0,5 516 33
2 511 24
3 509 18

It can be seen, that with an increased chrome layer, less light is transmitted and this is not
an integral loss over the spectral region. The peak of transmission in the gold film coming
from the interband transition is decreased. A shift is observable to shorter wavelength with

increasing chrome layer.

The lower transmission can be explained by comparing the extinction coefficients from
Figure 2.1 which has a higher value for chrome. If using such a compound as semitrans-
parent plasmonic electrode the chrome layer should be minimized to increase transparency
of the electrode. An additional reason to minimize the chrome layer is that chrome is a bad
material for SPPs, which can be seen in formula (2.25), the propagation length of SPPs.
This propagation length is reduced due to the high imaginary part of the dielectric function
of chrome visible in Figure 2.2. Alternatively and more conceivable the electrical resistivity
of chrome is 125nQm [49], which is much higher as for gold 22nQm [50], therefore SPPs
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which represent charge oscillations at the surface, thus moving conduction electrons, are

more damped in chrome.

The minimization of the chrome layer is described in section 4.1.3.2. For a wet chem-
ical lift-off a layer of 0,5nm Cr is sufficient and for a lift-off with the polymer a chrome layer

of 2nm has to be applied to establish sufficient adhesion.

5.2.2 Sub-wavelength structured metal films

Sub-wavelength structured metal layers were fabricated as explained in chapter 4. The struc-

ture was a hole arrays with different geometric values as demonstrated in Figure 5.5.

Figure 5.5 — Hole array in a metal film with the geometric values, p ... period,
d ... hole diameter, h ... height of the metal film.

To know the fraction of hole area from the total area the Fill Factor (FF) in % is defined:

area of holes

FF(%) = (5.1)

total area
5.2.2.1 Optical thin gold/chrome coatings

The difference between optical thin and optical thick gold films can be made at a thickness of
about 50nm. Thicker films reflect the major part of the incident beam and the film changes

from semitransparent to opaque behavior.

5.2.2.1.1 Influence of the hole diameter on the far field
Structures with the same period of 500nm and height h=2nmCr/30nmAu, but differ-

ent hole diameters d=160nm and d=250nm were produced, with the particular SEM image
in Figure 5.6.
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Figure 5.6 — SEM images of structures with the corresponding transmission spectra in Figure
5.7, left: d=160nm, right: d=250nm

In the SEM image on the right side at the top an error can be seen. A contamination can
be identified by the bright areas, which may have occurred prior to the spin coating process.
Most likely that’s why the resist pillars at this points were not able to establish a good
adhesion to the substrate and were tilted during development. Near this bright areas, one

tilted pillar got stuck at the surface and the profile were transferred in the metal coating.

In Figure 5.7 the transmission spectra are compared. It can be seen, that a charac-
teristic peak appears with the structured samples at about 740nm and it stays at the same

position with changing hole diameter. Further there is an integral increase of transmitted
light for the structure with larger holes visible.
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Figure 5.7 — Transmission spectra of hole arrays with a period of 500nm and different hole
diameters of d=250nm and d=160nm in a metal coating of 2nm Cr and 30nm Au
on glass and the spectrum of the unstructured metal coating.

This increase is caused by the larger fraction of hole area resulting in a higher FF for

the structure. The latter has an increased value of 19,6% compared to 8%. Consequently
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the characteristic peak at 740nm is not influenced by the hole diameter. In the next sec-

tion it will be seen that the general shape of the transmission spectrum depends on the period.

The hole diameter changes the modes of the Localized Surface Plasmons (LSPs) lo-
cated in the holes, which can be compared to the LSPs on nanoparticles shortly introduced
in section 2.4. These localized modes are characterized by a high field strength within the
holes making them a promising candidate for sensing and non-linear optical applications
[58].

5.2.2.1.2 Influence of the period on the far field

First structures with a period larger than the wavelength of visible light were produced.
These structures were fabricated in the beginning of this work and therefore fabricated with
the area exposure. Since the period is quite large the overall exposure time was acceptable.
A wet chemical lift-off was applied.

The SEM images of the fabricated structures with the same hole diameter d=200nm and a
period of 1um and 2um can be seen in Figure 5.8. In the vicinity of some holes, shadows
are visible. This shadows in the SEM images are residues of resist due to a not optimized

wet chemical lift-off used in the beginning of this work.

1 pm EHT= 500K/ Signal A=Intens Date :24 Jan 2011 1pm EHT= 500K/ Signal A= InLens Date :24 Jan 2011
= 7mm g = Time 15:05:42 = 7mm = Time 145728
— wo= 7 Mag= 462KX eINE. — wo= 7 Meg= 924 KX eTINE

Figure 5.8 — SEM images of structures with the corresponding transmission spectra
in Figure 5.9, left: p=1pm, right: p=2um

The transmission spectra of the structured metal films as well as the spectrum of the unstruc-
tured film are shown in Figure 5.9. An integral increase of transmitted light can be observed
for decreasing periods. Furthermore there is a slight modulation present for wavelength larger
than 600nm in the spectrum of the 1pum period structure. The increase in transmission for
the p=1pum structure is caused by the higher FF of 3,1% compared to 0,8% for the p=2um
structure. The slight modulation in the spectrum of the p=1pum structure indicates a spectral

change if the period approaches the wavelength of the light used to investigate.

Structures with this periods didn’t show significant changes in the transmission spectra in
the optical range compared to the unstructured Au film. Thus no significant additional

interaction of the electromagnetic wave and the structure is present. Therefore the period
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Figure 5.9 — Transmission spectra of hole arrays with 200nm diameter holes and different periods
of 1ym and 2pum in a metal coating of 3nm Cr and 20nm Au on glass and the
spectrum of the unstructured metal coating.

of the hole array was decreased down to the sub-um range. This generated new problems
concerning the overall exposure time. As explained in section 4.1.1 the exposure mode was
changed to a dot exposure to reduce the overall exposure time to an acceptable limit. After
overcoming all this technical problems and optimizations, structures with a period of 400nm,

500nm and 750nm were produced. SEM images are shown in Figure 5.10.

EHT=2000KV  Signal A=nLens Date 8 Apr 2011
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Figure 5.10 — SEM images of structures with the corresponding transmission spectra
in Figure 5.11, left: p=400nm, middle: p=500nm, right: p=750nm

Transmission spectra of metal films perforated with hole arrays of periods in the sub-pm and
additionally the unstructured film can be seen in Figure 5.11. Beside the characteristic gold

peak at about 500nm several peaks are showing up. The spectral positions of these peaks are
listed in Table 5.3.
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Figure 5.11 — Spectra of metal coatings (2nm Cr and 30nm Au) with and without a hole array
of different periods and hole diameters on glass.

Table 5.3 — Peak positions and FFs for different structured Au coatings from Figure 5.11
p ... Period
FF ... Fill factor from (5.1)

P, ... Spectral position of peak

[p/om | FF /% | P, /om | P, /um | P; / nm |

400 11,1 505 616 812
500 19,6 513 736 -
750 6,8 012 743 835

The different peak positions of the spectra result from different periods, which is the same
behavior as for optical thick metal films [1]. Conspicuous is the small transmission of the
structure with the period of 400nm. Referring to the FF, the transmission intensity should
be between the 500nm and 750nm period. The data in literature for optical thin metal films
is rare, but one group published a suppressed transmission for ultrathin metal films with
small periods. They produced hole arrays with an optical interference lithographic process.
The geometric values were: p=300nm, d=200nm and h=20nm Au with 2nm Cr on glass.
They explained the suppression of the transmission compared to the pristine metal film with

an excitation of a short range surface plasmon and thus a strong absorption [59].

The formula for the resonances of SPPs (2.31) is not applicable for optical thin films.
This approximation is only valid for optical thick films at which the SPPs on both side are
independent. For thin films the electromagnetic fields of both sides of the film interact [27].
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5.2.2.2 Optical thick gold/chrome coatings

In literature there are a lot of reports about optical thick sub-wavelength structured metal
films. This all began in 1998 when Ebbesen et al. first reported Extraordinary Optical
Transmission (EOT) through sub-wavelength hole arrays [1]. They measured zero order
transmission spectra of metal films with square arrays of sub-wavelength holes, drilled by a
focused ion beam. Extraordinary optical transmission was found in different metal films. So
why is the transmission called extraordinary?

This is related to the current understanding of transmission through small holes, the standard

aperture theory formulated by Bethe [60]. This theory predicts that the transmission for one
hole scales like:

T(A) (:)4 (5.2)

T(\) is the transmission, r is the radius of the hole and A is the wavelength. In the case of
a hole array the multiplication with the FF, predicts the transmission of the sub-wavelength

hole array.
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Figure 5.12 — Spectrum showing Extraordinary Optical Transmission (EOT) of a hole array
with p=750nm, d=220nm (FF=6,8%) in a metal coating of 2nm Cr and 140nm
Au on glass with the SEM image of the structure in the upper left corner. The
arrows indicate the SPP resonance wavelength on a sub-wavelength hole array on
the air and substrate interface with the grating orders (n, m).

In Figure 5.12 a transmission spectrum of a perforated gold film with a thickness of 140nm
above a 2nm thick chrome layer on glass can be seen. The hole diameter is 220nm with
a period of 750nm. A characteristic property of such spectra is the small transmission at

which the wavelength equals the period. Before and after this point two peaks are showing
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up, although the last peak at about 1200nm is very small. The transmission at A=900nm
estimated with Bethe theory with (5.2) and the calculated FF from (5.1) of 6,8% leads to a
transmission of only 0,0015%. But in Figure 5.12 it can be seen that the transmission at
900nm is almost 4%.

The breakdown of Bethe theory points out that the array itself has to be treated as an active
element and not just a geometrical object in the path of the beam. EOT was only observed
in metal films and the angular dependency of the zero order transmission spectra behave
like light coupling with SPs in reflection. Therefore Ebbesen assigned the EOT mechanism
to SPs excited on one side, coupled through the holes to the other side and re-radiated.
An investigation concerning the geometrical values of the array showed that the periodicity
determines the position of the peaks and this position is almost independent of the kind

of metal, the hole diameter d and the metal thickness h. The aspect ratio of the holes %

determines the width of the peak. For % = 0,2 very broad peaks were seen and for % ~ 1

the maximum sharpness was observed [1].

Various different transmission spectra can be found in literature of optical thick sub-
wavelength hole arrays. This high diversity is due to the dependency on a lot of variables
like the main geometrical values, the period p, the hole diameter d and the metal thickness
h, as well as the hole shape, the type of lattice (square, hexagonal,...), the kind of metal and
the dielectric environment on both sides of the metal [61, 62, 63, 64].

In section (2.4.4) the resonance wavelength of SPPs on a 2dim periodic array is de-
duced. The calculated wavelength through formula (2.31) for different grating orders are
listed in Table 5.4 with the spectral positions indicated by arrows in Figure 5.12.

Table 5.4 — Calculated resonance wavelength (2.31) of SPPs by interaction with a 2dim periodic
array in a gold film
(m0) rnter face --- grating orders m, n at the substrate or air interface
A ... expected wavelength

’ SPP ‘ A/ nm ‘
(1,0)sup 1160
(171)Sub 842
(1,0) a4r 769
(1,1)Az‘r 567

The calculation was done with the dielectric constant of air set to ¢; = 1. For the substrate
€q = n?, with the refractive index n = 1,517 of the substrate was used [65]. The dielectric
function of gold €, was described by the data plotted in Figure 2.2. The chrome layer was

neglected in this calculation since it is only 2nm thin.
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In literature there are different interpretations of formula (2.31). Some authors correspond
this wavelength to the peak positions of the transmission spectrum [21, 22], others predict
transmission minimums [25, 26]. This controversy reflects that this simple analytical expres-
sion is not capable to describe the complicate processes involved. Only computer simulations
can produce a precise image of the electrodynamics which is going on when photons inter-
act with nanostructured materials. This can be for example Finite Difference Time Domain
(FDTD) simulations, which are computational electrodynamic modeling techniques where
the time dependent Maxwell equations are solved.

In summary it can be said that formula (2.31) is a very simple model upon other totally
excluding the thickness of the metal. However, in Figure 5.12 it can be seen, that the
excitation wavelength of SPPs corresponds to the minimums of the transmission spectrum.
For the optical thin metal films no conclusion can be made with this formula because the

electromagnetic fields of both surfaces interact strongly [27].

5.2.2.3 Concluding remarks optical thick and thin coatings

Sub-wavelength structured optical thick metal coatings give rise to EOT-peaks as shown
in the last section. These peaks are extraordinary only by comparison with the expected
transmission from standard aperture theory for small holes. The maximum transmission of
4% at A=900nm is low compared to the thin metal films (Figure 5.13).
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Figure 5.13 — Comparison of optical thick and thin perforated gold/chrome coatings: Hole ar-
rays with p=750nm and d=220nm (FF=6,8%) in 30nm and 140nm thick Au
coatings with 2nm Cr adhession layer on glass.

Concerning transparency, thin metal coatings are preferable for the use as transparent
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electrode due to the higher transmission. Optical thin films show high transparency as
well without a structure (cf. Figure 5.3). With the advantage of a low sheet resistance
compared to ITO they were used as semitransparent electrode for organic solar cells [66]. To

have a similar sheet resistance as ITO coatings, the Au layer can be as thin as 10nm [67].

With transmission measurements only far-field effects can be considered. Within the
use in thin film devices the role of SPs and near-field effects are also important. Optical
thin metal films structured with a sub-wavelength hole array show characteristic peaks at
wavelength larger than 600nm. (cf. Figure 5.11 and Table 5.3).

5.2.3 Scattering of structured and unstructured metal films

To get an idea how much transmitted light get scattered from a sub-wavelength hole array,
measurements with an Integrating Sphere (IS) were performed. Therefore the sample was
placed directly in front of the IS, as schematically shown in Figure 3.13. This means that not
only the zero order beam was detected, but rather all the light which was leaving the sample
in directions up to 90° with respect to the zero order beam. In Figure 5.14 the spectra of
an unstructured and a structured film with the geometric values p=500nm, d=250nm and

h=2nmCr/30nmAu, with and without an IS in the detected beam is compared.
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Figure 5.14 — Transmission spectra of an unstructured and a structured (p=500nm, d=250nm,
FF=19,6%) metal film of 2nm Cr and 30nm Au on glass with and without an
Integrating Sphear (IS).

A small integral increase of transmission can be seen with the IS for the structured as well

as for the unstructured film.
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The increase of transmission with the unstructured film is generated from scattering at the
metal interfaces i.e. surface roughness or as well scattering in the metal. Thinking about
the millions of holes in the perforated film one could expect an increase of scattering of the
incident beam, with the perforated film. But the results lead to the conclusion, that the
sub-wavelength hole array in optical thin films doesn’t scatter the incident beam noticeable

more than unstructured films.

5.2.4 Absorbance PTB7

To investigate the metal films in combination with a polymer, PTB7 (Poly[[4,8-
bis[(2-ethylhexyl)oxy|benzo[1,2-b:4,5-b’|dithiophene-2,6-diyl|[3-fluoro-2-[(2-ethylhexyl)
carbonyl]thieno[3,4-b]thiophenediyl]]) was used. The samples were prepared as explained in

section 3.4 and the chemical structure of PTB7 can be seen in Figure 5.15.

kAt

Figure 5.15 — Chemical structure of PTB7 (taken from [68])
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Figure 5.16 — Absorbance of a 32nm PTB7 layer on glass. The shaded area demonstrates the
spectral range of resonances from a 500nm period sub-wavelength hole array.
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To calculate the absorbance with (3.3) the transmission I of a 32nm thick PTB7 film on a glass
substrate and the transmission Iy only through the substrate were measured and can be seen
in Figure 5.16. Resonances due to the periodic hole array of thin metal films investigated
in section 5.2.2.1 appear at wavelength larger than 600nm. The area where resonances of
a 500nm period sub-wavelength hole array appear is shaded in the figure. To overlap the
resonances of the metal structure and the polymer an active material with absorption in
this energy range is required. PTB7 fulfills this requirements because it is a low-band-gap
polymer with a bandgap of 1,6eV [69]. This leads to a strong absorption from 550nm to
750nm, with the peak of absorption located at 672nm.

5.2.5 Unstructured metal film vs. glass coated with PTB7

Transmission through a 2nm Cr / 30nm Au film on glass with and without a 32nm thick
PTBT7 layer was recorded. Figure 5.17 as well includes the transmission spectrum of a 32nm
PTBT7 layer on glass. The transmission through the PTB7 coating on the Au film shows a
interesting property. One would expect that an additional layer of a substance on the Au

film weakens the transmission, since the additional layer itself absorbs.
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Figure 5.17 — Transmission spectrum of a 32nm PTB7 film on glass and the transmission

through a 2nm Cr / 30nm Au covered glass, coated with and without a 32nm
PTB7 film.

In the spectrum it can be seen that in the region below 475nm and above 684nm the Au
/ PTB7 composite transmit more light compared to the bare Au film. An additional peak
of transmission appears at 738nm. The interband transmission peaks shifts from 515nm to
507nm with the additional PTBT7 layer.
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In literature similar data for adsorbed AGFAII dye molecules on an optical thin Au film
can be found. It was shown that the transmission spectra of such composite systems are
in general determined by coherent light scattering of the molecules in the layer and an
interference of this scattered light with the incident beam [70]. From this it follows, that not
only the imaginary part of the dielectric function determines the transmission, but the shape
of both, the imaginary and the real part determines the transmission through the composite.
Such spectra cannot be constructed from the transmission spectra of the initial system and
the deposited film alone [71]. In conclusion it can be seen that the transmission of the gold
film can be increased in a limited spectral range close to the resonances of the PTB7 layer.
In [70] it is shown by means of electromagnetic theory of the optics of stratified media that
the excitation of SPs is not a necessary ingredient as discussed by other authors for metallic

nanoparticles coated with dye molecules [72].

To visualize the enhancement induced by the interdependency of the two layers, the
relative transmission % is displayed in Figure 5.18. This refers to the transmission [
through a sample covered with a PTB7 layer normalized to the transmission of only the
underlying layers Iy. In this illustration the intensity Iy of the underlying layer is in one case
the transmission through a glass substrate and in the other case the transmission through a

glass covered with a 2nm Cr / 30nm Au layer.
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Figure 5.18 — Transmission spectrum of a 32nm PTBY7 film on a glass substrate, normalized to
the transmission of the glass and transmission spectrum of a 32nm thick PTB7
film on a metal film, normalized to the transmission of the metal film on glass.

It can be seen that the PTB7 layer enhances the transmission of the bare Au-film at 765nm

about 1,6 times.
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To calculate the absorbance from the polymer layers of Figure 5.18 formula (3.3) is used
and the results are presented in Figure 5.19. The absorbance for the PTB7 layer on glass
is, like it should be the same as in Figure 5.16 with the highest absorbance at 672nm.
In contrast the peak of absorbance of the Au / PTB7 composite on glass is at 604nm.
Conspicuous are the negative values of the absorbance. This is the result of its logarithmic
nature caused by the relative transmission, which exceeds 1. In the composite system there
are two resonances present, the first in the Au film coming from the interband transition
located at 515nm and the second is the absorption maximum of the PTB7 film at 672nm.
The resonance of the composite system is located at about the middle of these two resonances
at 604nm. The absorbance with negative values cannot be physically correct since this would
be an amplification in the layer which would be a brilliant material, but physically it is not
possible, due to the energy conservation law. Physically correct can only be considered the
absorbance of the PTB7 film on glass. The glass is macroscopically thick and can be assumed
as independent to the PTBT layer.
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Figure 5.19 — Absorbance of a 32nm thick PTB7 film on glass and absorbance of a 32nm PTB7
film on a 2nm Cr / 30nm Au layer on glass with negative values due to interde-
pendency of the Au film and the PTB7 film.

These measurements and illustrations as well as the above mentioned publications [70, 71],
show that the Au and the PTB7 layer are not independent of each other. As a consequence
the absorbance of the PTB7 with the gold layer underneath shown in Figure 5.19 is not
correct. With this kind of measurements, conclusions about the absorbance of only the
polymer layer above the Au layer cannot be made because apparently the properties of the

layers when interacting with light change in the compound system.
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To make a statement about the absorbance in the layer a device would be necessary,
i.e. an organic solar cell (OSC), where the generated current of the OSC as a function of
the wavelength can be recorded. This is the Internal Quantum Efficiency (IQE) of an OSC.
Even in this case the conclusion can only be made about the collected charge carriers and
not about the absorbance itself.

5.2.6 Sub-wavelength structured metal films coated with PTB7

Two of the already presented sub-wavelength structured metal films in section 5.2.2.1.2 were
coated with a 30nm PTB7 film.

Transmission through a 2nm Cr / 30nm Au sub-wavelength structured film with the
geometric factors p=500nm, d=250nm, with and without a 30nm PTB7 film on it, are
shown in Figure 5.20. The transmission in a certain wavelength range is enhanced with the
additional PTB7 layer on it. This is a similar behavior as it was seen for unstructured metal
films as presented before. The spectrum shows a shift of the interband transmission peak
from 513nm to 507nm. This agrees also with the shift of the unstructured PTB7 covered
sample shown before. In contrast the second transmission peak of the PTB7 coated sample

appears at 782nm, which is an increased value compared to the unstructured metal film.
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Figure 5.20 — Transmission through a sub-wavelength (p=500nm, d=250nm, FF=19,6%) struc-
tured 2nm Cr / 30nm Au layer on glass and transmission through this structure
coated with a 30nm PTBT7 layer.
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The same metal film with a hole array of p=750nm, d=220nm was measured and the trans-
mission is shown in Figure 5.21. As well this structure was coated with a 30nm PTB7 film.
The 750nm period structure shows almost the same interband transmission peak shift from
512nm to 507nm. Further the second transmission peak of the PTB7 coated sample appears

at 810nm, which is a further increased value.
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Figure 5.21 — Transmission through a sub-wavelength (p=750nm, d=220nm, FF=6,8%) struc-
tured 2nm Cr / 30nm Au layer on glass and transmission through this structure
coated with a 30nm PTBT layer.

In literature only data for optical thick sub-wavelength perforated metal films coated with
dye molecules was found. Additional to the EOT peaks arising from the hole array a peak
at wavelength at which the molecule absorbs strongly appear. The phenomenon is called
Absorption-Induced Transparency (AIT) [75]. To investigate the system they placed the
sample between 2 crossed polarization filters and the AIT transmission peak was still present.
This is a evidence of an additional mechanism that lose the polarization information. That
can be a coupling of light to SPs. That SPs play a key role was further confirmed with
structured tungsten films, which cannot support SPs in this wavelength range, due to its
dielectric function [76]. With tungsten as metal the AIT transmission peak was almost not
present. Further they showed that it is not necessary to provide a periodic arrangement of
the holes, the AIT peak also appears with randomly distributed holes in the metal. This
means that localized SP modes play a key role.
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5.3 Photoluminescence properties

Photoluminescence measurements were performed as explained in section 3.5.5 with the prin-
ciple experimental setup illustrated in Figure 3.14. The layer thickness of the polymer layer
were determined with a profilometer by taking the average value of three different positions
on the sample. All the samples were excited at a wavelength of 680nm which is near the
peak of absorbance of PTB7 at 672nm. The second monochromator, in the recording beam,

scanned a spectral region from 700nm to 900nm in which the PL peak of PTB7 arises.

5.3.1 Unstructured metal film vs. glass coated with PTB7

The PL were measured of a 32nm PTB7Y film on glass with and without a 2nm Cr / 30nm
Au layer in between. To exclude direct reflection at the Au layer, the PL of only a 2nm Cr

/ 30nm Au layer on glass was measured as well (Figure 5.22).
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Figure 5.22 — Photoluminescence of a 32nm PTB7 film on glass with and without a 2nm Cr /
30nm Au layer in between and PL of the bare Au layer. All samples are excited
at a wavelength of 680nm.

It can be seen that the bare Au layer doesn’t generate a noticeable signal, confirming that
almost no direct reflected light reaches the detector. The PL signal of the PTBY7 film on glass
peaks at 814nm with 147 counts in the detector. In contrast the PL signal of the PTB7 film
above the Au layer peaks at 811nm with 352 counts. This is an enhancement of 2,4 times
with the additional Au layer.

An enhanced PL signal was measured with an additional metal layer underneath. This can

be for various reasons:
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1. Difference in the amount of fluorescent material
Due to an experimental error, different thick PTB7 films on glass and on the Au layer
would lead to effective more fluorescent material. This means more molecules can be
excited, which will radiate effectively more photons. This case can be excluded, since
the PTB7 films have the same thicknesses of 32nm each.

2. Reflection at the metal layer

The incident beam first passes the PTB7 film and one fraction gets absorbed, generating
excitons in the PTBT film. The excitation wavelength was chosen at 680nm, near to the
maximum absorbance of PTB7. This means about half of the incident light (cf. Figure
5.18) gets absorbed by passing the first time through the PTB7 film. Since the Au
layer is only 30nm thick, one part of the light is transmitted, another part is absorbed
in the metal and another part gets reflected back. The reflection for bulk Au would
be 95% for wavelengths bigger than 680nm [56]. This reflected light passes the PTB7
film once again and can excite PTB7 molecules. To estimate the exact proportions of
reflected light additional experiments would be necessary.

Since the molecules emit the PL isotropic in all directions, PL light reflected at the Au

layer hits the detector as well.

3. Changes in recombination rates
The decay of an excited state may take place as radiative I' with emission of light
or non-radiative k,, with no emission of light. The recombination rate is the sum of
1

k) The

increase of the recombination rates, this goes along with the decrease of the PL lifetime

both. The PL lifetime is the inverse of the recombination rate (i.e. 7py, =

can enhance the PL signal as well.

In the following it will be shown that the only remaining possibility is that the recombination

rates change.

5.3.2 PTBT coated metal films with and without a dielectric spacer

To understand the origin of the enhanced PL signal with the additional Au layer underneath,
a further experiment was performed. This enhancement could arise from reflection at the
metal surface or other effects due to the direct contact of the two layers. To separate these
contributions, samples with and without a dielectric spacer were prepared. Microscope cover
glasses were used as a spacer. This are 150pm thin glass slices, which are used in optical

microscopy.

The cover glasses were thermally evaporated with 2nm Cr and 30nm Au. The metal
covered side and on other samples the backside were plasma activated and then coated with

a PTBT7 layer as explained in section 3.4. To simplify the handling and prevent scratches
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at the metal coating on the backside of the cover glass, the samples were fixed on ordinary
glass substrates. These samples including a reference PTB7 film were excited at 680nm and
the PL was recorded. Measurements with the cover glass samples fixed on glass resulted
in not reproducible data. The removal of the glass and measurements of only the prepared

cover glasses worked and the data recorded can be seen in Figure 5.23.
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Figure 5.23 — Photoluminescence of a PTBT7 film on a metal layer, with and without a dielectric
spacer and the photoluminescence of a reference PTB7 film on microscope cover
glass excited at a wavelength of 680nm.

The reference PTB7 film on glass shows a PL signal of 300 counts. The PTB7 film with
the 150um spacer produced a signal with 712 counts, which is a 2,4 fold enhancement. The
PTB7 film with direct contact to the gold layer produced the highest PL signal of 813

counts, which is a 2,7 times higher signal with respect to the reference.

The amount of fluorescent material on the different samples is with 31lnm and 32nm
almost the same. The chrome layer is necessary for sufficient adhesion of gold to the glass
substrate. This implies for the sample with the spacer, that the order of the metal films
on the backside of the glass is changed. For this sample the transmitted light through the
PTRBTY film and the cover glass hits first the 2nm Cr film and afterwards the 30nm Au layer.
This fact as well as absorption in the cover glass reduces intensity of light after reflection
at the metal layer compared to the sample without the spacer. To estimate this quantities
additional reflection and absorption measurements would be necessary, but it seems likely
that the lower PL signal of the sample with the spacer arises because of the slightly different
sample configuration. In summary it can be seen that the enhanced PL signal with the

metal layer under the PTB7 film is mainly produced by diffuse reflection at the metal.
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5.3.3 Sub-wavelength structured metal films coated with PTB7

The PL of samples characterized in section 5.2.6 was recorded with a excitation wavelength

of 680nm and the results are shown in Figure 5.24.
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Figure 5.24 — Photoluminescence of a 30nm PTB7 film on different sub-wavelength structured
2nm Cr / 30nm Au layers on glass excited at a wavelength of 680nm.

The PTBT7 film on the structure with the 500nm period generated a PL signal with 421

counts and the film on the 750nm period structure showed a higher PL signal of 435 counts.

With the assumption that the holes of the sub-wavelength structured layers get partly filled
in the spin coating process, there should be more fluorescence material in the structured
metal layers. Comparing the FFs of these structures of 19,6% for the 500nm period and 6,8%
for the 750nm period structure, there should be more fluorescence material on the 500nm
period structure. But as the results demonstrate, the PL is higher in the sample with the
period of 750nm. This leads to the conclusion, that the amount of fluorescence material has
only a marginal influence on the PL strength or the assumption that these holes are partly

filled is wrong, but in any case there is no influence due to the amount of fluorescence material.

In the case of the 500nm period structure a FF of 19,6% means that 80,4% of the
surface is covered with metal and the 750nm period structure has a 93,2% metal coverage.
This higher metal coverage provides more metal surfaces for reflection leading to the higher

PL signal.
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5.3.4 Enhanced photoluminescence due to nanostructure

In Figure 5.25 the PL signals of PTB7 films on sub-wavelength structured and unstructured
metal layers, including a reference on glass are compared. The samples were measured with

the same adjustments at the spectrometer and excited at a wavelength of 680nm.
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Figure 5.25 — Photoluminescence of PTB7 films on different structured and unstructured 2nm
Cr / 30nm Au layers and only on glass excited at 680nm.

Compared to the PTB7 film on glass, the PL signal with a metal layer underneath is
enhanced. This enhancement is for the unstructured Au layer 2,4 fold, the sub-wavelength
hole array with the period of 500nm 2,9 fold and the structure with 750nm period resulting
in a 3 fold enhancement. The thickness of the PTB7 film on the structured metal layers
is 30nm, which is 2nm less than the PTB7 film on the unperforated layer. Although, it
can be seen that the PL signals of the samples with the structured metal layers underneath
show the highest PL values. The unstructured metal layers provide a 100% metal coverage
and thus more metal interfaces for reflection. This means the enhanced PL signal cannot
be explained through reflexion effects. The only remaining possibility is that the PL signal
is enhanced due to increased recombination rates, hence the structure affects the photo
physical properties. These results are in accordance with conclusions in literature about

increased PL of conjugated polymers using silver nanostructures [77].

It was shown that sub-wavelength structured metal films in the vicinity of PTB7 can
change their photo-physical properties. If the physical processes are understood, e.g.
radiative and non-radiative decay rates can be changed in a controlled manner which

is called Radiative Decay Engineering (RDE) [73]. The interaction of fluorophores with

76



Characterization results of fabricated structures

metallic surfaces can have a number of useful effects, including increased quantum yields,
increased photostability, increased distances for resonance energy transfer and decreased
lifetimes [74].
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Chapter 6

Application of plasmonic electrodes

in Organic Solar Cells (OSCs)

Sub-wavelength hole arrays in 2nm Cr / 30nm Au films were incorporated in OSCs as
semitransparent plasmonic front electrodes. The sub-wavelength hole arrays were prepared
as explained in chapter 4. Bulk heterojunction solar cell composed of the electron-donating
semiconducting polymer PTB7 and electron-withdrawing fullerenes PCBM as active layer

were used.

To determine the optimal active layer thickness, a series with different spin parame-
ters were prepared on ITO. The active layer consists of PTB7:PCBM blended in a ratio of
1:1, each a concentration of 9% in chlorobenzene. The sample with the spin parameters
1300rpm for 120s and ramp 4, leading to an active layer thickness of about 60nm, showed
the highest efficiencies.

Next this configuration was built on a metal sub-wavelength hole array forming a

plasmonic front electrode. OSCs with the device structure shown in Figure 6.1 were

100nm Al
60nm PTB7/PCBM
55nm PEDOT:PSS
32nm plasmonic electrode

prepared.

glass

Figure 6.1 — Device structure of OSC with plasmonic front electrode.
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The PEDOT:PSS layer on gold were prepared as explained in section 3.4 leading to a layer
thickness of 55nm. Then the PTB7:PCBM blend was applied with the before determined
spin parameter. Afterwards a 100nm thick Al cathode was thermally evaporated and finally
the device was annealed in a tube furnace at 120°C for 10min. One of the fabricated samples

can be seen in Figure 6.2.

Figure 6.2 — Back side of a sample containing OSCs with plasmonic and ITO front electrodes,
each with an area of 3x3mm?. The possible short circuit reasons are indicated:
1) Impurities in the active layer; 2) Short circuit on the metal-glass intersection;
3) Residual metal on the structure

Unfortunately all OSCs with structured and unstructured Au anodes were short-circuited,
but the reference ITO pads were working. This short circuit of the Au anode devices can

have various reasons and are indicated in Figure 6.2:

1. Impurities in the active layer

As it can be seen in Figure 6.2 there are impurities in the active layer leading to a
non uniform thick active layer. If the layer thickness at some points approaches zero,
the Al cathode and the conductive PEDOT:PSS layer are in contact and the device is
short circuited.

On one side this impurities were also present in the PEDOT:PSS layer. This can come
from adsorbed impurities prior to spin coating, possibly on the way to the thermal
annealing step, which was applied outside the clean room. On the other side this non
uniform layer was also seen on ITO. Since the ITO surface was clean this impurities
are not dissolved parts of PTB7 due to bad solubility.

2. Short circuit on the metal-glass intersection
The metal at the metal-glass intersection has a sharp edge. This could also produce a

short circuit.
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3. Short circuit due to residual metal
Remaining metal on the structure, i.e. a residual from the lift-off could, if it is higher
than the PEDOT:PSS and the active layer (115nm) produce a short circuit with the

top electrode.

To determine the definitive reason why all the produced OSC with Au front electrodes were

short circuited, more experiments have to be performed.
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Chapter 7

Conclusion

A negative resist was structured by electron beam lithography from which hole arrays
in metal films were produced via a lift-off technique. An optimized exposure concerning
the time relevant adjustments and the implementation of a special dot exposure mode,
made it possible to expose hole arrays with sub-um periods extending over 3x3mm?. This
takes about 10h with the dot exposure mode compared to 5 days with the usual used area
exposure. Metal hole arrays with a period down to 400nm and hole diameters down to
100nm can be fabricated with the dot exposure mode (Figure 4.7), but an alternative
lift-off procedure has to be used. Further a thermal annealing step improved the quality
of the structures (Figure 4.15) by reducing residual metal flanks. During the fabrication
process of the metal films with sub-wavelength hole arrays, the structured resist forms a 2

dimensional photonic crystal with its special optical properties (Figure 4.8).

The optical characterization of the fabricated structures was done by transmission
measurements. First unstructured gold coatings with a chrome adhesion layer were investi-
gated. The characteristic interband transmission peak of gold could be identified and the
influence of the chrome layer is shown in Figure 5.4. For sub-wavelength structured films
the influence of the geometric values of the array was discussed. For optical thin metal films,
resonances appear at wavelength larger than 600nm (Figure 5.11), by lowering the period
of the hole array to the sub-um range. The hole diameter has no influence to the spectral
position of resonances. For a optical thick structured metal film, extraordinary transmission
was measured and the minimums of the spectrum could be assigned to plasmonic resonances
(Figure 5.12). With its maximum transmission of 4% the extraordinary transmission of
optical thick films is not high compared to the transmission intensities of optical thin metal
films. Therefore optical thin metal films should be used as transparent electrodes. However,
with transmission measurements only the influence on the far field is measured and near

field effects, which may play an important role in thin film devices were not considered.
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The metal films were also investigated in combination with PTB7, which is a promis-
ing polymer for organic solar cells because of low energy photon absorbance. This is due to
the low band gap of the polymer, with the peak of absorption around 670nm. To get an
overlap with resonances seen in optical thin structured metal films, this polymer was chosen.
First unstructured gold films covered with PTB7 were measured. They showed a higher
transmittance as the bare gold film at certain wavelength (Figure 5.17). Sub-wavelength
structured metal films covered with a PTB7 layer show also this higher transmittance at
certain wavelength with the additional PTB7 layer. This wavelength are increased compared
to the bare golf film.

Unstructured metal films covered with PTB7 show an enhanced photoluminescence
signal. This can be explained mainly by reflection at the metal film. Sub-wavelength hole
arrays in metal films coated with a polymer show a further enhanced photoluminescence
(Figure 5.25). This is believed to originate from increased recombination rates. The change

in the photo physical properties could be used in an organic light emitting diode application.

Bulk heterojunction solar cells with a PTB7/PCBM active layer were fabricated on
the structured metal films. Unfortunately they were all short circuited. Anyway in the
chapter outlook the positive effect of plasmonic structures for organic solar cells will be

shown.
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Chapter 8

Outlook

An easy way to produce plasmonic structures is to thermally evaporate a thin (<5nm) metal
layer on a substrate. This metal forms a discontinuous film and after a thermal annealing
step, metal nano-islands accumulate. With the temperature, the thermal deposition rate
and specially the amount of evaporated material, the surface plasmon resonance wavelength
can be tuned [78].

An experiment to demonstrate the positive effect of plasmonic structures in Organic
Solar Cells (OSCs) was performed by Monika Jéger and Roman Trattnig. Therefore CIS
Bulk HeteroJunction (BHJ) solar cells were fabricated. A 2nm Ag film was evaporated
with a evaporation rate of 0,1 A/s on a ITO covered float-glass substrate. Afterwards
an annealing step at 225°C for 25min at an ambient pressure of 0,5mbar was performed.
The resulting metal islands can be seen in the SEM image in Figure 8.1. Subsequently
the plasmonic structure was coated with a 40nm PEDOT:PSS layer. As active material a
polymer CIS blend with a thickness of 90nm was used. The thermally evaporated Al cathode
of about 100nm thickness completes the device (Figure 8.1).

100nm Al

90nm Polymer:CIS

<«—40nm PEDOT:PSS

= N o o o o o o 2nm Ag film
Signal A = InLens <«~—+——|TO

Photo No. = 7
s Glass substrate

Figure 8.1 — Left: SEM image of 2nm Ag evaporated on ITO after thermal annealing at 225°C
for 25min at an ambient pressure of 0,5mbar. Right: Organic Solar Cell (OSC)
with plasmonic structure above the ITO layer. Taken from [79] and modified.

83



Outlook

The two examples listed in Table 8.1 demonstrate the enhancement of cell efficiencies. The
OSCs are characterized by 4 parameters. The open circuit voltage Vpc, is the maximum
output voltage without a load, the short circuit current Jg¢ represents the maximum output
current with short external contacts and the fill factor F'F' describing the quality of the diode
behavior. The power conversion efficiency PC'E is the percentage of incident light power (®.)
that is converted to electric power (PCE = P%Z’”) with Ppae = VooJsoF'F' the maximum

power output of the solar cell.

Table 8.1 — Two examples of increased PC'E with Ag plasmonic structures. The current-voltage
curves of example 1 is illustrated in Figure 8.2 and example 2 in Figure 8.3
Voc ... Open circuit voltage
Jsc ... Short circuit current
FF ... Fill factor

PCE ... Power conversion efficiency

Voo /V]Jsc /25 | FF /% | PCE | %
Example 1 Reference 0,52 5,72 38,53 1,15
with Ag 0,52 7,32 4423 1,68
Example 2 Reference 0,54 5,78 48,70 1,52
with Ag 0,54 6,23 55,66 1,87

In both examples, it can be seen that Voo has the same value with the additional thin Ag
layer, but Jgo and the F'F' increase significant leading to a higher PC'E. In example 1 the
PCE increases from 1,15% to 1,68% with the plasmonic structure, which is an enhancement
of 46% and in example 2 the PC'E increases from 1,52% to 1,87% which is an enhancment of
23%. The current-voltage curves of example 1 are shown in Figure 8.2. Illustrated are the

dark situation and illuminated with a solar simulator of a spectral irradiance AM1,5G with

1002 respectively.
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Figure 8.2 — Example 1: Current-voltage curves, dark and illuminated with AM1,5G and
100%. Left: Reference, right: With additional Ag plasmonic structure.

The increased Jgc and F'F can be for various reasons. This could be an increased absorption

due to the high electric fields in the vicinity of plasmonic structures, as well as improved
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charge transportation. If the light absorption in the active material is higher, a thinner
active layer could further enhance efficiencies.

For the second example the current-voltage curves for the illuminated situation are compared
and additional an Incident Photon to Charge Carrier Efficiency (IPCE) spectrum is shown
in Figure 8.3. An IPCE spectrum shows the ratio between the number of generated charge

carriers to the number of photons incident on a solar cell as a function of the wavelength.

10 T T T T 60 T T T T
gl —s=— Reference i —a— Reference
—e— Plasmonic 50 1 —e— Plasmonic |
< 6+ 4
£
= 4f 1 40| 1
E 5l 1 g
> =~ 30 4
= L
G 0
: g
o 2| 4 20 J
k=
g :
S 10 ¢ B
© -6 | b
_8 L 1 1 1 L 1 1 1 1 1
-04 -02 0,0 0,2 0,4 0,6 0,8 400 500 600 700 800 900 1000
Bias (V) Wavelength (nm)

Figure 8.3 — Example 2: Left: Current-voltage curves of reference and plasmonic OSC illu-
minated with AM1,5G and 100% Right: IPCE of the reference and plasmonic
OSC.

The increased Igc and F'F' with the additional plasmonic structure can be seen in the
current-voltage curves. The IPCE spectrum shows a higher fraction of generated charge
carriers at wavelength larger than 690nm. This increased photoconversion in the red part of

the spectrum leads to enhanced efficiencies.
It was shown that plasmonic structures incorporated in organic solar cells can lead to

enhanced efficiencies. The physical processes involved are not completely understood yet

and further experiments are necessary.
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