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Abstract

Periodically sub-wavelength structured Ims show special optical properties. In particular
thin perforated metal Ims are known for Extra Ordinary Transmission (EOT) due to
contributions of surface plasmons. A periodic arrangement of holes in th metal Im allows
the excitation of surface plasmons, with the property of strong electic elds in the vicinity

of the surface. This can be used for light management to improve in- or owoupling of
light to thin Im devices as Organic Solar Cells (OSC) or Organic Light Emitting Diodes
(OLED).

The rst part of this thesis treats the fabrication of sub-wavelength structured metal
Ims with a lift-o technique. Therefore negative resists are str uctured 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 subm hole arrays. Structuring
areas over 3x3mm in about 10h is possible. Gold Ims perforated with di erent periodic
holes arrays, with periods down to 400nm and hole diameters down to 100nm asell as 2
dim. photonic crystals with these scales were prepared.

The second part of this thesis treats the characterization of structued and unstructured
gold/chrome Ims performed by atomic force microscopy, scanning electon microscopy and
optical spectroscopy. Di erent thick gold Ims and the in uence of th e chrome adhesion layer
as well as variable geometric values of periodic hole arrays in metal Imsre investigated by
transmission measurements. Optical thin structured metal Ims show resonances depending
on the period of the array. In optical thick structured metal Ims EO T was measured and
assigned to plasmonic resonances excited by the array. The optical prepties of the metal
Ims are also investigated in combination with the low-band-gap polymer PTB7. A 30nm
thin gold Im gets more transparent at certain wavelength if coated with a layer of PTB7.
Structured gold Ims coated with PTB7 show a similar behavior at incr eased wavelength.
Further photoluminescence is enhanced with a gold Im in contact with the polymer. This
enhanced signal is produced mainly by di use re ection at the metal. For sub-wavelength
structured metals coated with PTB7 the photoluminescence furthe increases. It shows
that periodic structured metal Ims can change the photo physical properties of proximate
molecules and this could be used in OLEDs. Further the positive e &€t of plasmonic
nanostructures incorporated in OSCs is demonstrated. The increasenipower conversation
e ciencies points out the potential and importance of further invest igations in this eld.



Kurzfassung

Im Sub-Wellenlangenbereich strukturierte Filme weisen speielle optische Eigenschaften
auf. Dunne perforierte Metall Ime sind bekannt far erhehte op tische Transmission (EOT)

durch Beitage von Oberachen Plasmonen. Eine periodische Anordrung der Lecher im

Metall ermeglicht die Anregung von Oberachen Plasmonen mit der Eigenschaft von starken

elektrischen Feldern in der Nahe der Oberache. Dies kann far eine Licht Steuerung zur
verbesserten Ein- oder Auskopplung von Licht in Dannschichtbawelementen wie organischen
Solarzellen (OSC) oder organischen Licht emittierenden Dioden (QED) genutzt werden.

Der erste Teil dieser Masterarbeit behandelt die Herstellung von Sub-Wellenlangen
strukturierter Metall Ime durch eine lift-o Technik. Dafar  werden negative Photolacke
mittels Elektronenstrahl Lithographie (EBL) strukturiert. Den Ke rnpunkt hierbei bildet die
Optimierung der Belichtungszeit am EBL System, welche zu einesehr schnellen Belichtung
far sub- m Loch Arrays fshrt. Dadurch wird die Strukturierung von Flache nuber 3x3mm?
in etwa 10h meglich. Gold Schichten perforiert mit verschieden@ periodischen Loch Arrays
mit minimal 400nm Periode und 100nm Lochdurchmesser, sowie 2dim. photasche Kristalle
mit diesen Abmessungen wurden hergestellt.

Der zweite Teil dieser Masterarbeit behandelt die Charakterisieung von strukturierten
und unstrukturierten Gold/Chrom Schichten mittels Rasterkraft mikroskop, Rasterelek-
tronenmikroskop und optischer Spektroskopie. Verschieden dick&old Schichten und der
Ein uss der Chrome Adhasionsschicht sowie verschiedene Geomien der periodischen Loch
Arrays werden mittels Transmissionsmessungen untersucht. Stikturierte, optisch ddnne
Metallschichten weisen Resonanzen in Abhangigkeit von der Periodedes Arrays auf. In
optisch dicken strukturierten Metallschichten wurde EOT gemessen und plasmonischen
Resonanzen zugeordnet die durch das Array angeregt werden. Die optiseh Eigenschaften
der metallischen Schichten werden auch in Kombination mit PTB7, enem halbleitenden
Polymer mit kleiner Bandlsacke untersucht. Eine 30nm ddenne Gold Schicht wird bei gewissen
Wellenlangen transparenter, wenn sie mit dem Polymer PTB7 bescichtet ist. Strukturierte
Goldschichten weisen ein ahnliches Verhalten bei vergm erten Wellenlangen auf. Des
Weiteren erheht eine Gold Schicht in Verbindung mit dem Polymer die Photolumineszenz.
Dieses verstarkte Signal wird hauptsachlich durch diuse Re exion am Metall erzeugt.
Wenn das Metall zusatzlich strukturiert ist, wird die Photolumi neszenz weiter verstarkt.
Das zeigt, dass periodisch strukturierte Metalle die photo-phystalischen Eigenschaften
von benachbarten Molekslen andern kennen. Dies kennte in OLEDs Anwendung nden.
Zusatzlich wird der positive E ekt von plasmonischen Nanostruktur en in OSCs gezeigt.
Die E zienzsteigerung zeigt das Potential dieser Anwendung und die Wichtigkeit von
weiterfishrenden 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, eletron 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 gb-wavelength
structures. The optical properties of sub-wavelength structurel metal Ims have been
intensively investigated, since Extraordinary Optical Transmission (EOT) was reported
by Ebbesenet al. in 1998 [1]. The unexpected high transmission in the optical regime is
supported by electromagnetic modes bound to the metal surface knowas Surface Plasmon
Polaritons (SPPs) [2].

The aim of this work is to produce sub-wavelength hole arrays in metal Ims via
Electron Beam Lithography (EBL) and a lift-o technique. This periodi c structure enables
the excitation of SPPs by photons. SPPs are known for high electrical éds near the surface,
0 ering a broad spectrum of applications. These can be molecular sensinapplications [3],
enhanced and high delity raman spectroscopy [4] or enhanced uorescergc spectroscopy
[5]. Further e ciency enhancement of Organic Light Emitting Diodes (OLED) with a
sub-wavelength structured cathode [6] and surface plasmon enhancegehotoconversion in
Organic Solar Cells (OSC) [7] are feasible as well.

In this work these arrays are structured in a macroscopic area to invstigate them in
combination with thin-Im photovoltaic cells. Thin-Im technology h as an enormous
potential in reducing the cost of photovoltaic devices. Especially GCs are of interest
because of their advantages of low cost of fabrication, easy solution based messability
and mechanical exibility [8]. The sub-wavelength structured metal Ims should serve as
transparent electrodes. More precisely they are used as anode for @S, 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]. Compad 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 comroialization of
OSCs, which makes the replacement of ITO by a cheaper and high perforamce alternative
important.

Moreover the poor conductivity of organic semiconducting materials malks a tradeo
between collection of photogenerated charge carriers and su cient lightabsorption in the
active material necessary. Photon management, which refers to the coral of photon
propagation and the energy distribution in the active layer, can increag the absorption.
Plasmonics has emerged as a promising route to advanced photon management [18]jght
trapping with metallic nanostructures, where incoming light scatters and excites surface
plasmons {igure 1.1 ) is a possibility to improve light incoupling into the active lay er.

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

Sub-wavelength structured metal Ims are promising candidates for plasmonic electrodes,
which can replace ITO as transparent electrode material and additionaly enhance light
incoupling into the active layer and therefore e ciencies of organic photovoltaic devices.

Based on the fundamentals of electrodynamics, surface plasmons withtsi properties
are introduced in chapter 2. The following chapter treats the fundanentals of electron beam
lithography and the lift-o technique as well as the sample preparation and the characteriza-
tion methods. In chapter 4 the fabrication of sub-wavelength structured Ims for plasmonic

electrodes through a lithographic process is explained. This incdes the optimization of the
exposure time on the EBL system, two di erent lift-0 methods and a thermal treatment

step. In chapter 5 the results of topographical and optical characterizaton will be presented.
The application of plasmonic structures on OSCs will be treated in chaper 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 celkipresented. Starting
from the Maxwell equations, the bulk plasma frequency and the dieletric function of a metal

are deduced and compared with experimental data from literature for goldand chrome.
The following sections introduce surface plasmons on at surfaces aseil as localized on
nanoparticles. When photons couple with surface plasmons a hybrid waesis excited called
Surface Plasmon Polariton (SPP). The dispersion relation and an insight ¢ typical length

scales and coupling mechanism of SPPs will be given. Finally the resance 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. Adjustingthe geometrical factors
of a sub-wavelength hole array in a metal Im changes the transmission pperty. Due to
the periodicity of the array, resonances are excited. If this resoances overlap with the
resonances of the molecules in the active layer a resonant incouplingf light should be
possible.

There is experimental evidence that nanoparticles embedded bewen the ITO and
the active layer enhance e ciency. Incident light excite Localized Surface Plasmons (LSP)
on the nanoparticle. The strong local enhancement of the electromagneti eld surrounding
the nanoparticle increases the rate of exciton generation or exciton disgiation [14, 15, 16].
Sub-wavelength hole arrays can excite SPPs. In the holes there aredalized modes present
like the LSP on nanoparticles [17]. This localized modes can provide #1 same e ect as the
aforementioned nanoparticles.

12



Theoretical Aspects

2.2 Maxwell's equations

The theoretical framework for all electromagnetic phenomena is given byhe Maxwell's equa-
tions. These fundamental equations describe electromagnetic eldand how they evolve over
time. The di erential form in matter is the following:

r D= g (2.1)

r B=0 (2.2)

r E=! %t (2.3)
roH= B, (2.4)

E and H are the electric and magnetic eld intensities. ; is the free charge density and;
is the free current density with the distinction of free (conduction band) and bound (valence
band) charge carrier. The other parametersD and B, are the electric ux density and the
magnetic ux density. They are connected to the elds like:

D= oE+P (2.5)

B= gH+ oM (26)

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

P= o cE (2.7)

With ¢ the electric susceptibility of a material. This simplies (2.5)t o
D= E (2.8)
With  the dielectric function being:
=1+ eo (2.9)
On the other hand the dielectric function is de ned as:

= ro (2.10)

13



Theoretical Aspects

2.3 Plasma frequency and dielectric function of a metal

Understanding the optical properties of metals, means modeling the iélectric function by
means of a solid state theory. The rst theory and simplest model was basd on kinetic gas
theory developed by Drude who assumed the electrons to act like a de electron gas. The
electrons are treated like a ideal gas, this means they are independieand quasi-free dot
charges. These charges can be accelerated by an applied eld and damped byllisions.
This damping is incorporated by a damping constant ! and can be taken as thereciprocal
value of the electron relaxation time T, which is the time between two scatter events of
an electron. Later Sommerfeld incorporated corrections coming from the Ruli-exclusion
principle, considering only electrons near the Fermi level, bemuse deeper lying electrons
are not allowed to change their electronic state. Further the band stucture of matter was
respected by assigning the electron an e ective mass m*.

To derive the plasma frequency and the dielectric function the farting point is the
microscopic equation of a moving electron. An applied electric eldE = Eo €™
accelerates the electrons which have the masae and the chargee. The conduction electrons
are quasi-free which means there is no restoring force and the motiors ionly damped by
scattering, described by the di erential equation

@x @x_ e il
@H ot m—eEo e (2.11)

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

_ € Eo
X melZe il (212)
To come from this microscopic equations of one electron to the macroscopjaroperty, rst
we identify the dipole moment of one electronp = ! ex. The dipole moment multiplied with
the electron density n gives the macroscopic polarizationP = np. With the before stated
expressions (2.5), (2.8) and (2.10) the dielectric function can be obtairgs
ne? 1

)= Tz (2.13)

Where the plasma frequencyw, can be identi ed:

ne?

2.14
— (2.14)

12 =
P

This is the eigenfrequency of an electron gas without any damping (! = 0) asumed. Since
the conduction electrons in a metal are quasi free this plasma frequeey describes well the
transition where the electrons are not able anymore to follow the applid electric eld. This

14



Theoretical Aspects

means by illuminating a metal with light of a higher frequency than ! ,, that the photons
cannot be absorbed and the metal gets transparent. For metals this frequecy is in the UV
spectral range. The dielectric function is split into real and imaginary part ( = %+ i % and
for small damping (w !) it simpli es to:

2 2
(1) 1! i‘2’+i!§g (2.15)

To determine the dielectric function experimentally, re ection and transmission measure-
ments or ellipsometry can be done. Thereby rst the optical constants the refractive index
n and the extinction coe cient k have to be obtained. Together they form the complex
refractive index:

rR=n+ ik (2.16)

The complex dielectric function (!) in a non magnetic medium ( = 1) is connected with
the complex refractive index:
(1)="n2 (2.17)

This leads to the connection of the observable optical constants with tie real and imaginary
part of the dielectric function:

0= n21 K2 (2.18)

00= 2 nk (2.19)

Experimental data of the optical constants from re ection and transmission measurements
for thin Ims 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 coe cient k for gold and chrome with the data
from [18] for gold and from [19] for chrome.
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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 shownm 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 tle experimental data is
done by using the dielectric function (2.15) for gold. The energy of the fjasma frequency of
gold was taken as-w,=9.01eV the damping constant was setto ! = T' 1 with T =30 10 '°

the relaxation time calculated from the Fermi velocity v and the mean free pathl; 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 Drud e-Sommerfeld
model (2.15) and experimental data from literature.
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Theoretical Aspects

The discrepancy between the experimental data and the Drude-Somerfeld model illustrated
in Figure 2.3 in the visible spectral range can be assigned to interband transitionsvhich
occur from lled d-bands into the sp conduction bands at a maximum wawelength of 539nm
[18]. The simple Drude-Sommerfeld model doesn't account the spec contribution of the
valence band electrons.

2.4 Surface Plasmons (SPs)

The plasma frequency in (2.14) describes a longitudinal plasma osdition in the bulk. The
quasi-particle resulting from quantization of these oscillations is alled the bulk plasmon
At the plasma frequency all the electrons are oscillating in phase. Ametal responds to an
electromagnetic wave with frequencied > ! | like a dielectric due to the disability of the
electrons to follow this fast oscillations. This property is re ected in the real part of the
dielectric function (2.15) for a metal, which gets positive and propagatirg waves are possible.

The dierent situation at the surface results in the surface plasmon As illustrated in
Figure 2.4 oscillating positive and negative surface charges are present. More prisely
these are coherent oscillations of mainly the conduction electrons at th surface. This charge
oscillations are accompanied by a mixed transversal and longitudinal elémmagnetic eld
which has its maximum at the interface to the adjacent media [20].

Dielectric

v
€n +++ -—- +++ -——- 7‘\ t
. RS
X kspp: > Metal

Figure 2.4 { Surface Plasmon located at a metal dielectric interface with , and 4 the dielectric
functions respectively on the left side and penetration depths of he electric elds
into the materials on the right side (taken from [21]).

For the existence of SPs at this interface the real part of the dieleaic function has to
change sign, which is satis ed for a metal at! <! [ adjacent to a dielectric material. In

this frequency range the dielectric function of the metal has negatie and the dielectric a
positive value. The resonance frequency for surface plasmons becon'a% on a at metal

surface exposed to air ands!l%id if the interface consists of a metal and a dielectric material
with 4 the real part of its dielectric function.
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Theoretical Aspects

A dierent situation is present if the surface is not at. For example on a metallic
nanoparticle surrounded by a dielectric material the SPs are localied and cannot propagate
away from the nanoparticle due to the xation to the metallic dielectric interface. That's

the reason why this modes are called_ocalized Surface Plasmons . An illustration of

such modes is shown irFigure 2.5 .

E

Metal sphere

Figure 2.5 { Localized surface plasmons on a metallic nanoparticle excited by frespace light
(taken from [22]).

In this work sub-wavelength hole arrays were fabricated. This meansnanoscale dielectric
holes are present in a metallic Im 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 cld Surface Plasmon
Polaritons (SPPs). The dispersion relation can be deduced from the Mawell equations
by applying appropriate boundary conditions. The mathematical derivation can be found
elsewhere [20]. Here only the solution, the dispersion relation is psented:

r
|

ky = — —4m 2.20
=g o5 (2.20)

ky is the value of the wavevector in x-direction, which means along the ratal dielectric
interface. 'E represents the magnitude of the light wave vector with! the frequency andc
the speed of light. , and 4 are the dielectric functions of the metal and the dielectric. The
dispersion relation (2.20) is ploted inFigure 2.6 .

There it can be seen that for smallky 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 fardielectric with 4 and
the case of a metal surface exposed to air { = 1).

Generally the dispersion relation (2.20) is a complex quantity sincethe dielectric functions
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/
w
Wp A
Metal/air
(USP_A,-,. | [N —— —
Metal/dielectric with &
(OSP..Ed e e W d
"
&
/
7

o
_—

kx

Figure 2.6 { Dispersion relation of Surface Plasmon Polaritons (SPPs) at a metal-airand a
metal-dielectric interface. The straight solid line is the dispesion relation of light.
(taken from [20] and modi ed)

are complex. With the assumption of a real! and 4 and additionally ° < j 9j for the
metal dielectric function = 9 + i %, which is ful lled for metals with low damping, the
dispersion relation for the complex wavevectork, = k2 + ik °becomes [20]:

S
="' _md (2.21)
o G+ oy '
| 0 3 00
k0= _ __md m 2.22
T T Bt 22 (2.22)

2.4.2 Length scales for SPPs

For the design of devices using SPPs some important length scales hate be known. These
length scales provide limits for the device dimensions. The inteesting length scales for SPPs
are the wavelength s, of SPPs, the propagation length sp, and the penetration depth of
the electric elds |, into the metal and 4 into the dielectrics.

The wavelength can be easily obtained from the real part of the SPP wave ector

(2.21) by applying spp = %Xy: .

0
d¥ m

dm

With o the free space wavelength.
The propagation length spp on a smooth surface is the length after which the intensity
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decreases to}e and is given by (2.22) the imaginary part of SPPs [20]:

1

spp ~ 2k00 (2.24)

If the metal is low loss and the conditionj &j | ¢j is satis ed the propagation length can
be approximated (more details in [23]):

()?
spp 05 00 (2.25)

It can be seen that for a long propagation length a large negative value of the regdart and
a small value of the imaginary part is necessary. This again is satis ed wih a low loss metal,
that is a noble metal. Here non radiative SPs and a perfect dielectric madium ( 30: 0) was
assumed and the only damping mechanism thus are ohmic losses in the naét

The penetration depths of the elds in the dielectric 4 and in the metal ., refer again to
the distance at which the elds fall to % [23]:

0o Mt d%
d
04 .3
mzzimmd (2.27)
m

An illustration of the length scales, spread over several orders of magniide, 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 i - .’

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 { Di erent length scales for surface plasmon polaritons are indicated on dogarithmic
scale for silver as metal and air as dielectric medium. The propagation legth for
Long Range Surface Plasmon Polaritons (LRSPP) can reach centimeters. (take
from [23] and modi ed)
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2.4.3 Coupling mechanism for SPPs

Surface Plasmons (SPs) can be excited either by electrons or photonsFirst SPs were
recognized excited by electrons in Electron Energy Loss SpectroscopfEELS) measure-
ments. In contrast, photons as excitation source don't provide enough momntum to
excite SPs on a at surface. In the dispersion relation of SPPs inFigure 2.6 it can be
seen that at a given! the wavevector of the SPP lies always to the right of the light line
I = cky resulting in a higher quantum mechanical momentump = ~k. This means that due
to conservation of momentum a coupling mechanism is necessary to exeia SP with a photon.

In the case of thin metals a total internal re ection mode called 'Kretschmann con g-
uration' can be used. This con guration is often used for bimolecular sesing, where the
shift of the surface plasmon resonance frequency is detected whidtcurs due to the change
in the dielectric environment [24].

As alternative for thicker metal Ims or incident light impacting per pendicular to the

surface a coupling with a periodic grating like shown inFigure 2.8 is possible. The
x-component of the wavevector, representing the incident lightk, = 2-sin can be increased
by the reciprocal lattice vector of the grating. In this 1 dim example the reciprocal lattice

vector is ky = %m with a the period and m the order of the grating.

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

Repp = Ry + Ka (2.28)

Figure 2.8 { SPP coupling geometry for excitation of SPPs with Photons. Momentum matching
condition: Rspp = Ry + Ky (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 mamtum
matching condition (2.28).

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

Rspp = Ka (2.29)

With K, the reciprocal lattice vector. For a 2 dim square array the absolute valie of the
reciprocal lattice vector is
kg = Zap nZ+ m?2 (2.30)
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 fothe wavelength where
SPPs are resonant on a 2dim periodic square array:
r

a m d
= p— 2.31
M2+ n2 m+t g ( )

It has to be noted that this is only a rough estimation, since no metal thickness and the
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 ( » = m( )). For solving this equation an appropriate model for

m has to be used, for example the Drude-Sommerfeld expression (2.15) orperimental

data can be utilized and the equation (2.31) has to be solved in an iterativenanner. 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 ofa optical
thick sub-wavelength structured metal Im and agrees with the minimums of the spectrum.
The resonances for optical thin metal Ims did not agree with the measurel data in this
work due to the simplicity of this model. With thin metal Ims, a s trong interaction of the
electromagnetic elds of both surfaces occur [27].
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Chapter 3

Experimental methology

The rst part of this chapter introduces fundamentals of nanostructu ring methods especially
the used Electron Beam Lithography (EBL). This includes the sample andits interaction with
the electron beam leading to the proximity e ect. Furthermore fu ndamentals concerning the
lift-o with EBL will be given and sample preparation will be explaine d. 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 establised the eld of Electron-
ics. This eld had a very fast evolution in the last decades with the aim of miniaturization
and integration to minimize material expenses. Investigation and deviepment in structur-
ing methods were additionally pushed. In the standard tool of Microdectronics, which is
photolithography the lateral resolution is limited by the wavelength of the used radiation
due to diraction. Using state of the art systems with deep ultraviol et excimer lasers (e.g.
ArF:193nm) makes it possible to create structures smaller than 100nm [28]. &h equipment
is very complex and expensive. To overcome the di raction limit, gructuring with particles
instead of photons is used. Since 1924 when Louis Victor de Broglie postulateithe wave-
particle duality, which nhowadays is a central concept of quantum mebanics, 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 momentunp and the Planck constant h:

== (3.1)

Charged particles accelerated in a high-voltage have a higher momentumhan photons.
This goes along with a shorter de-Broglie wavelength. It follows that he lateral resolution is
not limited by di raction. 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 samplddowever, with particles
it is possible to fabricate structures with lateral dimensions down to the nm regime.
Generally Structuring methods can be classied in serial and parakl methods. Serial
methods are exible in terms of changing the exposure pattern, but heir serial nature
implies very slow processing and therefore they are not applicabléor large area production.
This means those serial methods will be most likely used where edkility and precision is
needed and not where high output is the goal. There are various methods faub-wavelength
structuring, often employed are the following:

Serial methods:
Electron Beam Lithography (EBL)
Focused lon Beam milling (FIB)
Parallel methods:
Colloidal lithography with polystyrene spheres
Stamping and transfer techniques: Nanoimprint or Direct Metal Transfer

Deep UV lithography

3.2 Electron Beam Lithography (EBL)

In EBL an electron beam is de ected in a patterned fashion across a sulbsate covered with
a polymer Im. This Im is called the resist and changes its physical properties due to
the interaction with the electrons. Thus a selective remove of éher exposed or unexposed
regions, called the development, is possible.

Advantages of EBL are the beat of the diraction limit of light and it is a maskl ess
structuring method and therefore it o ers a high exibility in de signing patterns. Disadvan-
tages are low throughput i.e. long exposure times for areas Imm? 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 interferontegc stage (Figure 3.1 ).

Scanning Electron Microscope (SEM):
The electron gun is a Schottky Thermo eld emitter that is a thermal ly assisted eld
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emission gun. It consists of a tungsten (W) dip covered with Zirconum oxide (ZrO) in
order to lower the work function of the dip. Consequently electron enission is enhanced,
since the work function is the minimum energy needed to remove anlectron from a solid.
The whole system is under ultra high vacuum to prevent collisions ofthe electrons with gas
molecules. Di erent apertures with diameters from 7,5 m to 120 m allow the adjustment of
the beam current respectively the spot size of the beam. Since @®ons cannot be focused
like photons with ordinary lenses because they would be absorbed by & lens material,
an electromagnetic-electrostatic lens system de ects the electms. The latter are charged
moving particles and the Lorentz force acts as a de ection force to focsi the beam on a
spot. The de ection system redirects the beam to scan the sample an&econdary Electrons
(SE), backscattered electrons, characteristic x-rays or light are he main signals which can
be captured. Since the SEM at the NTC-Weiz is simply equipped wih SE detectors, only
low energy electrons can be detected. The low energy causes a higherraction 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 samle surface
can be detected.

Laser interferometric stage:

The sample is xed at the interferometric stage. Here the electron bam can only be de ected
to a certain extend (max. 1mn?). This area is called the Write Field (WF). If the exposed
pattern is larger than the WF, the interferometric stage has to be moval to the next eld
and there again de ect the beam with the de ection system. The interferometric stage has a
position accuracy of 2nm.

// ZrO/W electron gun

X 0 R
Zoom condenser lens
x‘-

_ Aperture

Stigmator
= E/

Dynamic stigmator
Sub-deflector

] [// Main deflector

g ] [g\ Objective lens

; ( =1 ) / 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

25



Experimental methology

3.2.2 Write eld alignment and stitching error

The WF exists of a xed amount of points that can be exposed, but an adjustabe size. Con-
sequently the size of the WF determines the resolution. In this vork the WF size was usually
100x100 m? which leads to a grid of possible exposure points with a distance of 1,6nmif

the pattern extends over various WFs the interferometric stage has ® be moved and the
WFs have to be stitched together as illustrated in Figure 3.2 . The stage and the de ected
beam are two di erent coordinate systems. To stitch the WFs preciely together, the trans-
formation between the two coordinate systems has to be known. The sgem 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 tbe executed prior
to every exposure because the signal to de ect the beam is passing ribugh several elec-
tronic components with rounding errors and more or less long term drifs. An automated

WF-alignment uses an image recognition software to determine the positin of the pattern.

Though it is important that the pattern is well pronounced and unique, w hich can be done
by burning contamination dots.

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

The stitching error is the positional error made by placing one WF nextto the other resulting
in an overlap of the WFs or space in between. This can be due to bad or inaacate WF-
alignment, charging e ects or the thermal drift. For long exposures with a high accuracy the
appliance of an automatic WF-alignment during the exposure is a possibleoftware option.

3.2.3 Beam drift

The positional drift of the Raith e-Line system was measured over 16 hows to be about
2 m 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 re ects
the importance of su cient 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 eéctron 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 elegin beam. The
deposited energy depends on the energy of the electrons i.e. the almation voltage and
the number of charges applied to a certain area. The number of charges isdcribed by the
applied dose. For an areaA this is the product of the beam current | and the dwell time t,
which is the interaction time of the sample and the beam.

It
D= e (3.2)
D ... applied dose, | ... beam current, t ... dwell time, A ... exposed area

A sample for EBL is a substrate coated with a resist Im. To expose smadl features the
aspect ratio (height of resist/lateral elongation) has to be small. Consegently the thickness
of the resist should be less than in photolithography. Standard is a resi thicknesses in the
sub- m. Positive and negative resist types are used. The physical procesduring exposure
are cross-linking for exposed areas in a negative resist and a chain ssion for these areas
in a positive resist. In the following development step polymer bains of molecular weight
below some critical value are dissolved. Changed molecular weights due exposure lead to
di erent development rates. In summary exposed areas of a positive i@st get dissolved and
with a negative resist only this areas remain after the development sp (Figure 3.3 ).

ﬁ Resist
Substrate

l Exposure

i S Gross-llik

v v

ﬂ Exposed
Resist
‘ Development w
negative | lpnsit‘n.-e .
T

N . r_-_1 wg;wmn scission

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

The electrons are accelerated toward the sampleRjgure 3.4 ). Penetrating electrons rst
interact with the resist, that is a low dense material and thereforethe 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 reist, they interact with
the substrate. Normally the substrate is a higher dense material, for hat reason the main
scattering event is backscattering This is an elastic interaction and has a large scattering
angle. Especially this backscattered electrons makes the structimg di cult. Areas assumed
not to be exposed, get exposed with the long range backscattered eleofrs.

Backscattering Forward scattering

Figure 3.4 { lllustration 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 E ect

The proximity e ect is the result of the electron - sample interaction explained in the last
section. Especially the long range backscattered electrons produce background exposure
around the incident beam. This leads to deformations and rounding e ets of edges in an
exposed object, the so calledntra Proximity E ect . If the distance between the exposed
objects is smaller than the scattered electrons reach the backgroundxposure of neighboring
objects superpose and add up, which is callethter Proximity E ect . In the case of a negative
resist if the critical value for the developer is exceeded by thisuperposition, also areas where
no direct exposure was applied, withstand the developing procesdn Figure 3.5 SEM images
are presented to demonstrate the intra proximity e ect. To the ob ject on the right side, a too
high dose was applied leading to this unwanted ‘feet' of remaining rdst near the substrate
to both sides of the exposed area. In the inset the cross section of the @t is pictured.

The dashed red line inFigure 3.6 shows the expected deposited energy in a resist of an
electron beam with a Gaussian-shaped intensity cross section. The @l deposited energy,
represented by the blue solid line, diverges signi cantly due tothe backscattering of the
electrons. The model function of the actual deposited energy can be appximated by a
double Gaussian function. With this model function a proximity correction can be made.
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4 pm EHT= 100k Signal A = SE2 Date :2 Dec 2010 2pm EHT= 100 kv Signal A= SE2 Date :2 Dec 2010
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Figure 3.5 { SEM images to illustrate the intra proximity e ect with an inset of the cross section
of the resist prole. Left: correct dose and no proximity e ect, right: strong
proximity e ect. The green arrows indicate same positions.

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

The proximity correction software fractures objects in smaller elenents and allocates them an
adopted dose value. If an object approaches small lateral dimensions the @imity correction
software is not able to place this fractured elements side by sidwithout an positioning error.
This leads to deformed objects. Further a proximity correction increases the number of
exposed elements and therefore the overall exposure time. Thisascritical 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 kethe background exposure
below a certain limit.

Actual deposited energy

Deposited energy (arb. units)

L |
111 0T

L L | l j |
1 10 100 1000 10*
Distance from beam center (nm)

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

There are di erent exposure modes available within the Raith softnare. The exposure with
the EBL-system is point by point, which means that the electron beam says 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 di erence between an area exposure (left) anda dot exposure
(right) using the example of exposing a circle.

Area exposure:

In the area exposure mode a designed object is fractured in smalleigres 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 he minimal dwell
time of the system of 400ns. Every one of this fractured elements gets aotlexposure. The
superposition of these dots produces the desired object due to ekeon scattering and the
spot size of the beam.

Dot exposure:

An alternative exposure mode is the dot exposure. Especially for stretures 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 inFigure 3.7 on the left side, only one
dot in the middle of the circle is exposed, demonstrated on the right gle. The diameter of
the circle is adjusted via the applied dose.

3.3 Lift-o from EBL structured negative resists

The developed resist get coated with a metal layer. The removemendf the remaining metal
covered resist is called the lift-o . This can be done with a liquid chemical which dissolves
the remaining resist. Therefore the pro le of the resist has to hae a certain shape like in
Figure 3.8a) or c). A bad pro le 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 { Di erent pro les of a structured resist, a) vertical anks, b) bad pro le, ¢) undercut
pro le, d) structure after the lift-o

The ideal case would be the case irFigure 3.8c) , here the remover can enter easily to
dissolve the resist resulting in a clean structured metal surfae like in d) .

In EBL the scattering processes with the substrate generate badcattered electrons
which produce the proximity e ect (cf. 3.2.5 and 3.2.6). This leads to a trend of the pro le
of a negative resist with increasing exposure dose like illustratedh Figure 3.9 .

1

Ul
N

Small exposure dose ... High exposure dose ...

l l
- - || L

Figure 3.9 { Trend of the prole with increasing exposure dose in EBL for a negative resist
(taken from [47] and modi ed).

Substrate

With the exposure dose adjusted too high, the large amount of backscattexd electrons cross-
link the resist near the substrate in areas where the electron beam &agally should have never
exposed it. This indirect exposure leads to 'feet', coming out fromthe side making the lift-o
problematic or even impaossible. In the case of a negative resist for EBIt is not possible to
adjust an undercut for a single layer system. Therefore bilayer sstems are used [48]. Since
the lift-o 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-0 with a vertical sidewall structure and a bad structure are compared in
Figure 3.10 . On the left side a good working lift-0 is shown. This is the result of vertical

sidewalls of the object after the development step due to an exact apmd dose, evident in
the bottom left inset. In the right image a structure with a too high e xposure 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-o step with vertical sidewalls (left) and a bad prole
(right). Each with a SEM image after the development step in the insé in the
bottom left corner and a schematic drawing of their respective crossections in
the upper left corner. The green arrows and green lines indicate sanmgoints.

the lift-o, indicated by the green lines and arrows. The metal on these feet is connected
with the metal on the substrate. The remover dissolves the resistunderneath and in the

ultrasonic bath in the removing step this remaining metal aps out. T he resulting metal

anks 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 mcess of organic
layers on oat-glass as well as on Au is the content of this section.

Substrate preparation for EBL exposure

The nal objective of the structured metal Ims is the use as front el ectrodes in OSCs.
Therefore the substrate should be transparent to the visible range 380-780nm) and infrared
radiation (>780nm) of the electromagnetic spectrum. Glass ful lls this requirerments but

as it is an electrical insulating material negative charges placed on withithe electron beam
are not able to discharge to the ground and accumulate on the sample. This sailts in an

electric eld which in uences the electron beam and leads to probéms with focusing and
the necessary alignment procedures shortly introduced in seain 3.2. To overcome these
problems, the samples need an electric conducting area connected the stage, at which a
discharge to the ground is possible.

The substrates used in this work were oat-glass covered with Indiun 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 di eress in process conditions
between the samples can be avoided.

Bk
l LLE

a) b) c)
I A R N

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

Substrate cleaning

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

The substrate was rinsed with acetone and dried with theN, gun. This steps were repeated
with isopropanol. Afterwards the sample was further cleaned with an utrasonic bath in
isopropanol for 15 min at level 4. Then the sample was dried again withN, and after a
rinsing step with deionized water, every impurity should be renpoved. Subsequently the
sample was dried with N, and the spin coater at 5000rpm for 100s. A dehydration bake
was applied at 200 C for 5 minutes in N, 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 turnte surface
hydrophilic. Directly afterwards a layer of HMDS (Hexamethyldisil azan) was evaporated.
The HMDS molecule chemically bonds with its Si atom to the oxygen of theoxidized
surface by releasing ammonia. The remaining methyl groups of the HMDS &gment form a
hydrophobic surface [33]. This hydrophobic surface improves the rést 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 secondeatling
to a resist thickness of 400nm. In order to further improve adhesion lhe remaining solvent
was reduced by a thermal treatment at 100C for 60s, calledSoftbake[44].

The resist above the ITO was wiped away and polystyrene spheres i a diameter of
100nm were applied. These spheres facilitates the alignment procetes of the electron beam.

PEDOT:PSS coating

Float-glass substrates coated with Au were covered with PEDOT:PSS (Bly(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 dades in the scientic
community. This controversy in literature resulted from di ere nt 'clean’ Au surfaces. Clean
Au surfaces can only be obtained under Ultra High Vacuum (UHV) and under this mnditions
the surface is hydrophilic [39]. An exposure to atmospheric air reducethe high surface free
energy of gold by adsorption of organic molecules [40].

To establish de ned conditions the Au covered substrates were pla®a activated with oxygen
plasma for 10min at about 0,4mbar. Directly afterwards PEDOT:PSS were spn coated with
2500rpm for 40s and a ramp of 4, leading to a 55nm thick PEDOT:PSS Im on Au. Without
this plasma activation the PEDOT:PSS Im was not wetting and in some cases no uniform
Im was established. To remove any residual solvent, the layer was amealed at 120C 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-b[(2-ethylhexyl)
oxy]benzo[1,2-b:4,5-b'|dithiophene-2,6-diyl][3- uoro-2-[(2-ethyhexyl)carbonyl]thieno[3,4-
b]thiophenediyl]]) was dissolved in chlorbenzene with a concenation of 10g/l. This solution
was stirred rst 20min at 50 C and then 1h at room temperature. The cleaned oat-glass or
the Au covered oat-glass were plasma activated for 10min in an oxygen plasmé#o establish
surface activated and therefore de ned surfaces. Then the PTB7/chlobenzene solution was
spin coated with 1200rpm for 120s and a ramp of 4 resulting in the same thicknssof 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 Prolometer

The layer thicknesses were measured with a DEKTAK150 Pro lometer. To estimate the layer
thickness the mean of 3 di erent 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) sys tem, 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 Blumel on a VECCO Namman VS
atomic force microscope. The working principle is, that a cantileverwith a sharp tip scans
the surface. Forces between the tip and the surface de ect the caiiever. This de ection is

measured with a laser spot that is re ected 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 echanical
contact forces, Van der Waals forces, capillary forces, chemical bondingelectrostatic 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 deterium 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 recordedof this work are zero
order transmission spectrathat means the incident and the detected light are collinear. The
samples were always placed into the spectrograph in such a way that thincident beam
enters perpendicular to the sample surface, rst passing through e substrate and leaving
the sample at the side where the structured metal and/or the polymer vas coated Figure
3.12). To illuminate only the structured area, a relative small quadratic aperture of about
1x1mn? 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 tle main compo-
nents: lamp (L), monochromator (M), sample (S) and detector (D).

=

The absorbance of a polymer layer was calculated as:
!

lo

Abs = In T (3.3)

With |g the intensity of the reference beam through the glass substrate and the intensity
after passing through the polymer covered glass sample.

To measure additionally the scattered light and not only the zero order keam a setup
with an Integrated Sphere (IS) was used which is schematically piaired in Figure 3.13 .
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1S

= o

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

3.5.5 Photoluminescence (PL) measurements

PL measurements were done with a SHIMADZU RF-5301PC Spectro uorometer.The sam-
ples were inserted in the sample holder like demonstrated ifrigure 3.14 . The incident beam
hits rst the polymer layer, then the substrate or underlying coat ings. In the schematic draw-
ing of the setup it is indicated that the exciting beam hits the sample in a di erent angle as
the recorded beam gets detected. The exciting beam angle is about 36 and the recording
beam about 56 . This means direct re ected light can only reach the detector due todi use

re ection e.g. because of surface roughness. An aperture with a quadratiopening of about
4x4mm? was used directly in front of the sample.

D
M
S \ @

Figure 3.14 { Principle setup of photoluminescence measurements and the maincenponents:
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 electroni is also possible to
excite SPs by electroluminescence in OLEDs on their metal eleatdes [42]. With respect to
the light emission of OLEDs, this can be a mayor loss channel. Alternatiely this e ect is
used to emit SPs in a controlled way by an organic plasmon-emitting dide [43].

If this e ect can be used in the opposite direction i.e. SPs increas the exciton gen-
eration, an improved light incoupling is possible for OSCs. To excie SPs by photons a
grating is necessary to compensate the mismatch of the momentum (cf.estion 2.4.3). The
plasmonic electrodes fabricated in this work are optical thin metal Ims with a periodic

sub-wavelength hole array as coupling elementRigure 4.1 ). The structure is produced via

EBL and a lift-o technique. Since the exposure is time optimized structuring of a 3x3mm?

area in about 10h is possible.

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

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

Figure 4.1 { Left: Gold Im 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 preparath, exposure with the
electron beam, development of the resist, thermal evaporation of a metallm and the re-
movement of the remaining metal covered resist the so called lifo ( 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 samplgbh) Sample
after the development step; ¢) Sample after thermal evaporation of a metl Im;
d) Sample after the lift-o 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 ithe
sample preparation section (3.4).

The exposure was done via a time optimized exposure procedure with the e-Line. @
complete the cross-linking a Post Exposure Bake (PEB) at 110C for 60s was applied.

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

The step from b) to ¢) in Figure 4.2 is the metal coating In this work dierent
thick Au Ims were thermally evaporated. Due to bad adhesion between Au and the
substrate, a Cr layer was used to improve adhesion [35].

For the nal lift-o step two methods were used. Primary a wet chemical lift-o
with the remover NMP (N-Methyl-2-pyrolidone) [34] was done by immersing it into the
remover 5min with an ultrasonic bath, level 2 at 65 C. To complete the step, the sample was
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rinsed with deionized water, dried with N, and the spin coater (5000rpm for 50s).
For structures exposed with the EBL dot exposure mode, a polymer waspplied and the
remaining metal covered resist was stripped o .

4.1.1 Exposure with EBL system

As mentioned in the rst chapter, the nal objective of this work, was t o incorporate the
structures in organic optoelectronic devices. The standard dimerien for OSC and OLED
at the NTC-Weiz is 3x3mm?2. Therefore it was bene cial to fabricate as well such large
structures to enable an easy incorporation.

4.1.1.1 Time optimized parameters

Structuring an area of 3x3mn? with sub-wavelength features via EBL is a high technical
e ort, since the EBL-system is a single beam system and the featurebave to be exposed one
by one in a serial manner. This makes an optimization of all the time depedent 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 nally leadsto the sub-wavelength
hole array (Figure 5.5 ) thus the plasmonic electrode. The period, which is the distane
between the circles is 500nm and the diameter of the circles are 200nm witthe 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 tine 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 addap to a total
time of 200h. In the same way 20s settling time add up to only 12min, which points out
the importance of optimizing this adjustment.

The inuence 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 wdl 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. Merprecisely this error
is reduced with smaller dose values and smaller diameters of the cigs. This means that
fewer electrons were put on the sample and it seems likely that thistitching error is mainly

produced by charging e ects.

Figure 4.3 { Optical microscope image to demonstrate the in uence 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 stitchihg error, right:
20 s settling time with increased stitching error. The arrows indicate same points
of stitching errors.

By exposing two patterns, with dierent settling times an additi onal 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 tine of 20 s was
adjusted. It can be seen that with the shorter settling time a more ponounced stitching
error is present. This can also be explained through charging e ects:

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, ich reduces the stitching
error.

A compromise between time and accuracy was made and consequentlihe 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 dsil time, de-

pends on the applied dose, the beam current and the exposed area. In fouta (3.2) it
appears to be the following possibilities to reduce the dwell tine:
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Minimization of the exposed area A

As explained in section 3.2.4 positive and negative resists can be usedror this kind
of application, a positive resist implies more complicated techniges. This can be a
mix-and-match technique where photolithography and EBL are combined 45].

Figure 4.4 { lllustration of the di erence in exposed area of a positive resist (right
side) and a negative resist (left side). The pigmented area represts
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 demstrated in
Figure 4.4 the exposed area is much larger with a positive resist. Using the geortric
values of the above mentioned example results in a 8 times larger area tbe exposed.
This points out, that for the fabrication of a metal Im with sub-wavel ength holes by
a lift-o technique, a negative resist has to be used in order to keep the dwell time
within a certain limit.

Maximization of the beam current |

The beam current can be adjusted by the aperture of the SEM. To undestand the
relation between the aperture, the beam current and the total exposue time, a test
pattern with dierent circle arrays was designed. The pattern was exposed several
times using the same applied dose but di erent apertures. The beanturrent and the
total exposure time were measured Figure 4.5 ).

A polynomial t was made with the data of the beam current and it re ects
the r2 behavior, since the beam current is proportional to the area of the apdure.

The total exposure time rst drops radical, increasing the aperture. With 20 m
to 120 m diameter apertures only little changes in the total exposure time arepresent.
This means that system relevant times (i.e. settling times or stagemove time) are
much larger than the dwell time itself. As a result an aperture with a diameter
larger than 20 m is not a potential time saving adjustment. Furthermore alignment
procedures can be challenging, using bigger apertures. Accordingly 20 m diameter
aperture was used.
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Figure 4.5 { Beam current and total exposure time for a test pattern of di erent
circle arrays exposed with the EBL dot exposure mode as a function
of the aperture size.

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 usa lower acceler-
ation voltage With a lower acceleration voltage the electrons have less kineticreergy
and the interaction probability between molecules of the resist and kctrons is higher.
Hence a lower applied dose is necessary. The drawback of a lower aeration volt-
age is a reduction in lateral resolution since the higher interaction pobability causes a
higher fraction forward scattered in relation to backscattered electons. This broadens
the beam in the resist and consequently, as the beam energy is redutethe smallest
producible feature increase [46]. The acceleration voltage used in thiwork was usually
20kV.

4,1.1.1.3 Exposure modus

There is the possibility of an area exposure or a dot exposure (cf. sdonh 3.2.7). For
sub-wavelength circle arrays exposed with the area exposure not gnhillions of circles have
to be exposed, as well every circle is fractured into about 100 pieceghere the e-beam has
to be positioned. Therefore the overall exposure time increase exoitantly. Alternatively
in the dot exposure mode one circle gets one exposure in the center did circle. With the
dot dwell time the diameter of the circle can be adjusted. The huge rduction of overall
exposure time is evident inTable 4.1 .
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Table 4.1 { Comparison of the overall exposure time for di erent exposure modesand di erent
periods of a 3x3mnt 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
ta ... overall exposure time for the area exposure mode

[p/nm [tp /h [talh |
500 10,3 124,8
1000 3,6 31,2

4.1.1.1.4 Summary time optimized parameters

The time optimized parameters and settings for the fabrication of plasmoric electrodes via
a EBL system are summarized inTable 4.2 .

Table 4.2 { Essential parameters for the fabrication of plasmonic electrodes

] Parameter | Value |
Settling time 0,2ms
Resist negative
Aperture 20 m
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 objecThis can be a single object
like a circle, or a structure which is a group of objects, like a cirte array. This way repeating

structures can be transfered to the lithographic system only by a réerence, which saves
transfer time and minimizes the chance that an error in the EBL systen occurs. Mostly such

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

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 ime. To know which dot
dwell time is necessary for a desired diameter of the circles, thdose-diameter relation has
to be measured. Therefore a dose test pattern was designed, pictuten Figure 4.6a) after
the development step.

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

a)

> b)

9

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

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 di erent exposure doses at
each of the 20x20 matrices highlighted inFigure 4.6b) . The SEM image in Figure 4.6¢)
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 carde out, resulting
in di erent metal hole arrays. All the diameters of the holes were measrred via the SEM
and the results are shown inFigure 4.7
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Figure 4.7 { Dose-diameter relation (left) for di erent periods of the hole array exemplary pic-
tured on the right side

In this graph the dependency of the dose diameter relation on the perid can be seen. To
analyze the dependency, dose values for a 200nm hole diameter array aredid in Table 4.3 .
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Table 4.3 { Dose values for a 200nm hole diameter array for di erent periods
| Period p/ nm | Applied doseD / fC |

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

It can be seen, that with increasing period the applicable dose in@ases as well. This
increase of the dose gets smaller with increasing period and seemsdome to a level where
it stays the same. That is, the dependency of the applied dose vanigs at a certain distance.
Since the period is in the range were backscattered electrons argpmected (cf. section 3.2.6),
electrons are scattered in the entire resist. This means as well ibetween the direct exposed
circles. As a consequence the superposition of the backscatteredetrons produce a more or
less strong background exposure in the resist (inter proximity eect). The strength depends
on the period of the array. In between the circles only this small bakground exposure is
not enough to cross-link the polymers su cient to reach the molecular weight to withstand
the development process (cf. section 3.2.4). In the area of the direexposed circles the
polymer has already cross-linked and reached this critical molecular gight 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 taceed the critical
value. As a result, circle diameters increase with decreasing piexds by applying same dose
values. Hence, to obtain the same circle diameters with reduced pirds 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 ke reduced by reducing
the resist thickness. The maximum diameter is limited by the intra proximity e ect. Due
to the large diameter i.e. high exposure dose the resist near the subpate is cross-linked,
producing a bad pro le of the structure and the following lift-0 st ep is impossible.

4.1.2 Development

The not exposed parts of the resist were dissolved with the developeAZ826MIF [34] by
immersing the sample for 70s. Afterwards it was rinsed with deionizedvater, dried with N
and the spin coater (2000rpm for 50s).

After the development step, resist pillars are standing on the samm, which after the
lift o 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. lllumination of the PhC with Photons of this e nergy results in
re ection of the photons. Since this are 2dim PhC the energy of the bandgaplepends on the
incidence angle of the beam. In the 3dim case this can be compared with @&miconductor
and the bandgap for electrons.

In Figure 4.8 a sample with three dierent structured areas after the developrment
step can be seen. This areas form 3 di erent 2dim PhCs, which are illminated with white
light. Due to the dierent periods of the PhCs, di erent wavele ngth of the white light are
forbidden in the crystal i.e. get re ected 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 di erent 2dim photonic crystals.

4.1.3 Metal coating and lift-o

The exposed and then developed samples were coated with a metal layer an evaporation
chamber, which was evacuated to a pressure of 10 ®mbar. Primary a 2nm Cr adhesion
layer with a deposition rate of 0,2A/s and secondary a 30nm Au layer with a deposition rate
of 2A/s was evaporated.

Ilumination of such metal coated, 2dim photonic crystals with white light results in
a re ection of dierent colors at certain angles due to dierent perio ds of the structure.
Pictures of a sample, captured at di erent angles can be seen ifrigure 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
di erent structured areas are indicated with its periods of 400nm, 500nm 750nm
and 1000nm. They form dierent 2dim photonic crystals covered with a metal
layer.

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

Two di erent methods for the lift-o process were used. In the rst place a wet chemical
lift-o with the remover NMP (N-Methyl-2-pyrolidone) [34] was done by i mmersing it into

the remover 5min with an ultrasonic bath, level 2 at 65 C. To complete the step, the sample
was rinsed with de-ionized water, dried with N, and the spin coater (5000rpm for 50s). The
second method with a polymer was used for structures exposed withhe EBL dot exposure
mode (section 3.2.7). The wet chemical lift-o worked well for arrays fabricated with the area
exposure, in contrast with the dot exposure the metal was not lifted oer the entire areas.
This can be seen inFigure 4.10 in the optical microscope image.

Figure 4.10 { Left: Sample with 3 structured areas with the dot exposure mode afte thermal
evaporation of 2nm Cr / 30nm Au. Right: Optical microscope image of one
of these structured areas after the lift-o. The metal was not lifted completely
represented by darker areas, emphasized by the arrow. The grid witthe distance
of 100 m are stitching errors of the 100x100 m? write elds.

47



EBL fabrication of plasmonic electrodes

In the SEM images in Figure 4.11 it can be seen that the brighter areas of the optical
microscope image inFigure 4.10 represent a good working lift-o and in the darker areas
the lift-o was not working well.

Figure 4.11 { SEM images of the di erent bright areas from the optical microscope image n
Figure 4.10 . Left: Working lift-0 expressed by the bright areas. Right: Not
working lift-o expressed by dark areas.

The rst suspicion was that with the dot exposure, the pro le of the st ructure is not vertical

enough, and therefore the metal covers the entire resist in some areand consequently
cannot be dissolved by the remover. The SEM at the NTC-Weiz is not eqgipped with a

tilting stage. To get an impression of the structures pro le, the sample was put in tilted like

it is shown in Figure 4.12 on the left side.

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 2m
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 e ects. It shows the prole of the structure,
which was the same over the complete structured area. As well the disbutor of the

48






























































































































