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1 Abstract

Modern laser technologies enable the production of nanostructures on a relatively large
area for a variety of applications. Nonlinear effects occurring at high light intensities, such
as multiphoton absorption, allow structuring in dimensions below the diffraction limit.

While existing applications for 2D confined nanostructures are essentially based on self-
organizing structures without a well definable profile or in combination with complex pro-
cessing steps, precisely flexible defined nanostructures were fabricated in this work. It is
about the interaction of a tightly focused near infrared sub-15 femtosecond laser (repetition
rate: 85MHz) with sputtered polycrystalline ITO thin films exhibiting different electrical
conductivities. Depending on the choice of parameters, total ablation, periodic nano-cuts or
else crystal modifications can be generated, rendering the ITO layer resistant to a subsequent
etching step. Using this innovative approach, nanowires attached to the substrate or even
freestanding nanowires (in combination with a selectively etchable sacrificial layer) with a
length-to-width ratio of more than one hundred were prepared. The applicability of such
nanowires for self-heating resistive gas sensors for detection of oxidizing gases was demon-
strated. As another demonstrator, ITO bioelectrodes were trimmed with respect to their
impedance by coherent sub-20 nm wide and several microns long nano-cuts.
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2 Kurzfassung

Moderne Lasertechnologien ermöglichen eine relativ großflächige Herstellung von Nanos-
trukturen für eine Vielzahl von Anwendungen. Bei hohen Lichtintensitäten auftretende nicht-
lineare Effekte, wie z.B. Multiphotonenabsorption, erlauben das Unterschreiten der Beu-
gungsgrenze.

Während existierende Anwendungen für räumlich 2D beschränkte Nanostrukturen wesent-
lich auf selbstorganisierenden, wenig steuerbaren Profile in Kombination mit aufwändigen
Prozessen basieren, konnten in der vorliegenden Arbeit präzise definierbare Nanostrukturen
hergestellt werden. Zentraler Punkt dieser Arbeit ist die Wechselwirkung eines eng fokussiert-
en nahinfraroten Sub-15-Femtosekunden-Laserstrahls (Wiederholrate: 85 MHz) mit gesput-
terten ITO-Dünnschichten, die unterschiedliche elektrische Leitfähigkeiten aufweisen. Je nach
Wahl der Parameter können totale Ablation, periodische Nanoschnitte aber auch Kristallmod-
ifikationen erreicht werden, die die ITO-Schicht resistent gegenüber einem nachfolgenden
Ätzschritt machen. Mit diesem innovativen Prozessansatz konnten substratgebundene bzw.
freistehende (in Kombination mit einer selektiv ätzbaren Opferschicht) Nanodrähte mit einem
Längen-zu-Breiten-Verhältnis von mehr als einhundert hergestellt werden. Die Verwend-
barkeit solcher selbstheizbarer Drähte zur resistiven Detektion von oxidierenden Gasen konnte
demonstriert werden. Als weiterer Demonstrator wurden ITO-Bioelektroden mit kohärenten
sub-20 nm-breiten und mehrere Mikrometer langen Nanoschnitten bezüglich ihrer Impedanz
modifiziert.
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1 Introduction

The invention of the laser in 1960 has had a huge impact on optical science and technol-
ogy. It was the origin of many technical innovations and pushed the technology of optical
instruments and tools consistently forward. More recently a combination of a laser and a mi-
croscope with integrated precise optics offers a way to focus and scan a laser beam precisely
and quickly. The confinement of the beam is limited by Abbe’s diffraction law of classical
optics and it can be reduced down to a spot size of 200-300 nm in the visible range of light.
Classical optics is ruled by linear physics. Such a strong confinement of the laser beams leads
to a high intensity in the focal region which can induce local physical and chemical processes
enabling the fabrication of sub-wavelength structures.

Using pulsed lasers increases the intensity in the focal region so much that it allows for
nonlinear interaction with materials. Nonlinear effects, such as two-photon excitations, offer
the possibility to confine the interaction within the focal volume. Making 3D structures
in polymers (photo resists) using multi-photon polymerization is one of the advantages of
this technique with high application potential in nano-science and nano-engineering. Using
femtosecond laser pulses reduces the focal volume because of the threshold effect combined
with the changed physical regime of the laser-material interaction. All these results provide
a powerful tool to generate sub-wavelength structures far below the diffraction limit.

During the last decade a large scientific effort was focused on the optical generation of
nanostructures in different materials and on their application. The 2014 Physics Nobel Lau-
reate, Stefan Hell, broke the diffraction limited resolution barrier of about half the wavelength
(200 nm) by using two overlapping lasers. With this technique it is now possible to generate
polymerized 3D structures with feature sizes down to about 10 nm [1]. However, this is not
yet a technology with industrial applicability and is still very complex and costly.

This project as a part of priority program 1327 funded by German Research Foundation
(DFG) was focused on the optical generation of sub-100 nm structures for technical and
biomedical applications. For this purpose a laser microscope is used with a near infrared
Ti:sapphire femtosecond laser with high repetition rate of 85MHz and a pulse length of
about 9 fs. Utilizing chirped mirror and dispersive mediums the pulse length can be varied
between 12 fs and 3 ps on the microscope. The laser beam can be driven in x and y direction
and a piezo-actor can adjust the vertical distance between the sample and the objective. The
precise positioning and scanning of the laser beam is also being used in another project in
the same program for fluorescence imaging of cells [2].

In this thesis the results of the interaction of such laser pulses with indium tin oxide (ITO)
films on glass are presented as well as demonstration of some applications for the processed
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nanostructures. The ITO films in this work were prepared by DC magnetron sputtering
method. Different film properties were deposited under various conditions. The main task
by the deposition were two; achieving a good transparency by simultaneous change of the
electrical properties to study the interaction between laser beam and ITO in dependency on
the electrical properties. Laser lithography technique for applications has been one of the
topics in this project, which is not addressed in this work [1]. The layout of the dissertation
is arranged as follows:

The background theories about laser technology, utilized laser setup, laser-material pro-
cessing and used materials are presented in Chapter 2. Material laser processing in case
of thin films regarding our researches is discussed in this Chapter. A short description for
the used materials is also provided. This is followed by Chapter 3 introducing the char-
acterization methods. Describing the equipment used to characterize the fabricated layers
and the realized demonstrators for the applications. Chapter 4, in form of a journey trough
ITO nanostructuring toward their applications, is attended to the publications with a short
theoretical background to each idea as an introduction. The publications about the material
processing results and applications are attached. The last application or better expressed
the novel fabrication method of freestanding nanowires is still in format of a manuscript and
will be submitted to a journal. The thesis ends up with a summary and outlook to push the
ideas forward for further studies and for optimizing the results and performances.



2 Theory and Background

This Chapter is presenting a brief summary about the history of laser technology followed
by an introduction to the physical principles of the interaction between laser and materials
particularly in case of transparent thin films.

2.1 Laser Technology

Theoretical foundations for technical invention of the laser were laid in the 1950’s. The
first experimental development had been done in the microwave range by fabrication of
a MASER (microwave amplification by stimulated emission of radiation), which was later
transferred into the optical wavelength range. The first maser was built by C. H. Townes, J.
P. Gordon, and H. J. Zeiger at Columbia University in 1953. When the physical principles
behind this invention were transferred into the optical wave range, the new device was first
called an "optical maser" and was later replaced by the word LASER (light amplification by
stimulated emission of radiation). This was first implemented in a working device in 1960 by
T. H. Maiman [3]. It was a ruby laser emitting at a wavelength of 694.3 nm. In the same
year, the first HeNe gas laser (Javan et al.) and the first laser diode were fabricated.

This was the beginning of a new era providing a light source with intense coherent radiation
enabling many interesting new applications. Laser light has a number of unique properties
e.g. the very high degree of coherence of the radiation.

A laser oscillator usually comprises an optical resonator (laser resonator, laser cavity) in
which light is trapped (e.g. between two mirrors) and a gain medium within this resonator
e.g. a laser crystal which serves to amplify the light. Without gain medium the circulating
light would become weaker and weaker in each resonator round trip, because it experiences
some losses, e.g. upon reflection at the mirrors. However, the gain medium can amplify the
circulating light, thus compensating the losses if the gain is high enough. The gain medium
requires some external supply of energy. It needs to be "pumped", e.g. by injecting light
(optical pumping) or by an electric current (electrical pumping in semiconductor lasers).
The principle of laser amplification is the stimulated emission [4]. Stimulated emission is
called the process by which an incoming photon of a specific frequency interacts with excited
atomic electrons or other excited molecular states, causing them to drop simultaneously and
coherently to a lower energy level. Hereby, the liberated energy generates new photons with
identical phase, frequency, polarization, and flight direction as the photons of the incident
wave.
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Figure 2.1: Schematic setup of a passive mode locked femtosecond laser.

The invention of the laser opened up a way to verify new theoretically predicted physical
effects and made their experimental investigation and verification possible. This includes two-
photon absorption (TPA), which was theoretically predicted by Maria Göppert in 1929 [5] as
well as new effects which are discovered by using focused laser light such as second harmonic
generation (SHG). Shortly after the invention of the laser, in 1961 the two-photon fluorescence
excitation and second harmonic generation were both demonstrated as two nonlinear optical
effects.

Exciting an electron to an energetic higher state, with the energy increase equal to the
sum of the single photon energies can be understood as a simultaneous absorption of mul-
tiple photons with individual energies below the band gap energy of a material, so called
multiphoton-absorption (MPA). This can result in subsequent phenomena, such as multi-
photon ionization, optical breakdown and finally plasma formation, leading to the ablation
of materials, which can be used for laser structuring. The SHG which is also interpreted as
an effective combination of two photons with the same frequency, generating new photons
with twice the energy and frequency of the initial photons, is a result of dipole oscillations of
atomic charges. At high intensities of light is the amplitude of the oscillation big enough to
be affected by the charge of neighboring atoms. This changes the first harmonic frequency
of the oscillation to contain higher harmonics which are radiated in secondary electromag-
netic wave (Maxwell low). It occurs by interaction of electromagnetic waves with a nonlinear
material at high intensities.

Within a few years many new applications were invented and tested with lasers, includ-
ing laser machining, laser welding, laser-induced breakdown spectroscopy and even medical
applications [1].

Consequently, scientists started to study the interaction of different laser types with dif-
ferent materials. Already in 1965 "laser induced periodic surface structures" (LIPSS) were
observed in semiconductors [6], with a periodicity close to the exposure wavelength. In a
short period of time several types of lasers were being invented, including the previously
mentioned semiconductor laser in 1961 and the HeNe laser in 1962 as well as the CO2 laser,
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the Nd:YAG laser and the dye laser in 1964. After the invention of the excimer laser in 1970
as a powerful and low priced UV-laser source with wavelengths below 351 nm, industrial
micro- and nanoprocessing became popular.

More recent generations of lasers exhibit a pulsed emitting mode instead of a continuous
mode in cw-lasers (continuous wave) of the earlier generations. This means that light is
emitted at defined time intervals with a certain pulse length (τ) and can thus be particularly
intense. There are various methods for pulse generation with commercial lasers, with pulse
duration ranging from microseconds over nanoseconds and picoseconds down to a few fem-
toseconds. Concerning this parameter and regarding the typical times for physical relaxation
processes in materials, pulsed lasers are divided into short- and ultra-short pulsed lasers (see
Section 2.1.2). Ultra-short laser pulses have the advantage that high pulse intensities can be
achieved at low average power. The shortest noncommercial laser pulse is 67 attoseconds [7].
One attosecond is the time it takes for light to travel the length of two hydrogen atoms.

Concerning pulse duration (τ), pulse energy (Ep), pulse repetition rate (R) and the band
width of the laser spectrum, different ways of pulse generation are used, resulting in very
different pulsed laser setups. The most commonly used ones are mentioned in the following.

For nanosecond pulse duration, various types of Q-switched lasers (see explanation in
Section 2.1.1) are available with pulse energies in the mJ range or more and a repetition rate
between a few Hz and many kHz. Solid state bulk lasers give high pulse energies, whereas for
small pulse energies fiber lasers are suitable. Nanosecond pulses in the UV spectral range are
generated with excimer lasers either by Q-switching or by gain switching. Picosecond and
femtosecond pulses are generated with mode-locking in active or passive form with a typical
duration between 30 fs and 30 ps, having MHz or GHz pulse repetition rates and pulse
energies of pJ to nJ. This method can be applied in solid state bulk lasers, fiber lasers, or
semiconductor lasers. Gain-switched semiconductor lasers generate nanosecond or picosecond
pulses, but with relatively small energy. This can be done by quickly switching the optical
gain by the pump power electronically [4].

While cw-lasers may have a very small optical bandwidth (linewidth) for only a single
resonator mode (single frequency operation), in some other lasers the band width can be
very large, particularly for mode locked pulsed lasers. Some broadband gain media such as
Ti:sapphire and Cr:ZnSe allow wavelength tuning over hundreds of nanometers.

This large variety of laser types provides the possibility to choose and trigger the physical
effects of processing by selecting the laser parameter (e.g. λ, τ , Ep, and R) within a wide range,
making material processing with lasers to a standard industrial method for many applications.
Laser processing is now more or less frequently used in cutting, drilling, welding, soldering,
surface treatment, engraving, rapid prototyping, and polymerizing (lithography).

Since a femtosecond laser was the basis for the work presented in this thesis, the next
Section briefly discusses the generation of femtosecond laser pulses in more detail.
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2.1.1 Principles of Femtosecond Lasers

When cw-lasers are switched on, they often exhibit a transient behavior with strong ir-
regularities in the pulse timing, caused by relaxation oscillations. The dynamic behavior of
a laser is determined by the interaction of the intracavity light field with the gain medium.
This manifests itself mainly through short intensity peaks (spikes) before the laser gradually
goes over into continuous operation. The intracavity laser power can grow or decay expo-
nentially according to the difference between gain and resonator losses. The rate of change
in the gain is determined by stimulated and spontaneous emission and by other effects such
as energy transfer [4]. This phenomenon can be used systematically to generate laser pulses.
The perturbation in the system can be generated by different techniques.

Laser short pulses are being generated by modulating the pumping processes with the help
of a Q-switch or by mode-locking. The Q-switching method is made possible with a time
variant (modulated) resonator loss. An initially high population inversion pumped in the
gain medium (saturated gain) within a low quality factor resonator (attenuated resonator)
can suddenly be involved in an optical amplification (by opening the attenuator and reducing
the resonator loss). Due to the large amount of energy already stored in the gain medium,
the intensity of light in the laser resonator builds up very quickly. It causes the energy stored
in the medium to be depleted almost as quickly. The net result is a pulse of light output
from the laser releasing the laser energy in a short pulse with a high peak intensity. This only
works, if the life time of the upper laser level is higher than the pumping time [8]. For the
modulation of resonator losses switchable Pockels cells, acousto-optic modulators, rotating
prisms or Kerr-cells can be used in form of active and passive Q-switching. Pulse lengths in
the nanosecond range and pulse repetition frequencies of 10Hz to 1 kHz are hereby realized
[9].

In contrast, mode-locking is based on the principle of superposition of several laser modes.
Each laser mode differs slightly in frequency. Superposing all laser modes in the same phase,
gives a strong concentration of the laser energy into narrow peaks. In lasers with only
a few oscillating modes, interference between the modes can cause beating effects in the
laser output (fluctuations in intensity). For lasers with many thousands of modes, these
interference effects merge to a near constant output intensity. If each mode, instead of
oscillating independently, operates with a fixed phase with respect to other modes (mode-
locked laser), the laser output will periodically produce an intense pulse of light. A large
bandwidth leads to a large number of modes involved and, thus, to very short pulses. In a laser
amplifier with high bandwidth, the mode coupling is achieved by a Q-factor modulation, for
example with saturating absorbers or Kerr-lenses [8, 10]. This technique can produce pulses
of light of extremely short duration, on the order of picoseconds (10–12 s) or femtoseconds
(10–15 s).

The pulse duration τ is generally limited by the uncertainty principle for time and energy,
represented as pulse duration and bandwidth [8]:

∆τ ·∆ν ≥ K, (2.1)
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where ∆ν is the laser spectral linewidth and K a pulse shape dependent constant, which is
0.441 for Gaussian pulses [10].

Due to the following relationship between the number of longitudinal modes N within the
linewidth ∆ν for a cavity with a length of L and c as speed of light

N = ∆ν 2Lc , (2.2)

the following relation can be obtain for the pulse duration τ :

τ ≥ K
N
2L
c . (2.3)

The more mode coupling, the shorter the pulse length. The equation follows from the
Fourier transformation between time and frequency domains. In case of a Ti:sapphire laser
the pulse duration is in the ps to fs range and the bandwidth is correspondingly large in the
THz range with pulse energies in the nJ range. To achieve higher pulse energies, the pulse
repetition frequency is generally reduced down to the kHz range.

The laser used in this project is a Ti:sapphire laser, with a doped titanium artificial
sapphire crystal (monocrystalline Al2O3) as active medium. Ti3+ ions in the aluminum
oxide crystal are the laser medium, and they are excited by an optical pumping process.
These ions have only a typical mass fraction of less than 0.1 % within the crystal. The
wide bandwidth of this laser is due to the large number of subband levels involved in laser
transitions [11]. These form wide bands through homogeneous vibrational broadening by
interaction between excited states and phonons. A Ti:sapphire laser can be tuned over a
very wide wavelength range of 660-1180 nm [11]. The life time in the upper laser level is
relatively short with 3µs at 20◦C [8]. For this reason, pumping with a flash lamp is difficult.
Therefore, the laser is pumped by a green solid state laser, which in turn is pumped by a
diode. Mode coupling is relatively easy to achieve in a Ti:sapphire laser, since the crystal
serves as Kerr-lens at high intensities and thus the beam diameter is reduced. By using an
aperture, it is achieved that the pulsed beam possesses lower losses than the continuous beam
(see Fig. 2.1).

This results in a frequency spacing of the longitudinal modes of δν = c/2L = 150 MHz
with a resonator length of L = 1 m. With a bandwidth of ∆ν = 75 THz or 150 nm (central
wavelength 800 nm), a number of N = ∆ν

δν = 5 × 105 modes will arise. From this follows a
possible shortest pulse duration of τ = T/N = 2L/(c× N) = 13 fs, where T is a single cycle
flight time in the cavity.

In case of N coupled modes the temporal energy distribution E is based on the following
description [8]:

E(t) =
q0+(N–1)∑
q=q0

Eq cos
(
2πq t

T + φq
)
, (2.4)
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where N is the number of coupled modes, φq the phase of each axial mode and the frequency
of an axial mode q is given by fq = qc/2L = q/T. L is the length of the resonator and q0
is the mode with the lowest frequency. This results in a pulse generation in form of a pulse
train.

2.1.2 Principles of Laser-Material Interaction

Material processing is being done principally with both cw- and pulsed lasers. Pulsed
lasers have some advantages which make them very interesting for several applications. They
have high peak powers and therefore they achieve thresholds for material modification or
removal at a lower average power. However, pulse length and repetition rate also have
decisive influences on the interaction between laser and material. This will be explained in
the following.

The interaction between laser beam and material, also called target, is determined by
the energy transfer of the photons to the target. Thus, absorption processes in the target
material and energy conversion from light to other forms determine the process of ablation
or modification in the target.

The interaction between photons and material takes place in a volume element, where the
light is being absorbed. For linear absorption the fluence F (energy per unit area) is the
characteristic parameter, whereas for nonlinear absorption the intensity I (power per unit
area) is deciding. Both parameters can be calculated indirectly from the laser pulse energy,
from the laser beam profile and from the time-dependent intensity. For pulsed lasers, the
relationship between Ep, F and I is as follows:

Ep =
∫∫ –∞

∞
F(x, y)dxdy, (2.5)

F(x, y) =
∫ –∞

∞
I(x, y, t)dt, (2.6)

with time t and x and y forming an orthogonal coordinate system perpendicular to the
Poynting vector (−→S ) in the z direction.

The standard beam profile is assumed to be Gaussian, so the fluence has the following
distribution:

F(x, y) = F0e
–2x2

x20 e
–2y

2
y20 , (2.7)

where F0 is the maximum fluence and x0 and y0 are the lengths of the major and minor
axes of an elliptical cross section around the optical axis of the Gaussian profile. Ep can be



2.1 Laser Technology 9

calculated from Eq. 2.5 and yields the following relations in case of a radially symmetric
profile (x0 = y0):

F0 = 2Ep
πω20

, F(r) = F0e
–2 r2

ω20 , (2.8)

where r is the distance to the optical axis, ω is the Gaussian beam radius and is defined as
the width of the Gaussian curve at F = F0

e2 .

The time-dependent intensity of a Gaussian pulsed laser is:

It = I0e
–4ln(2) t2

τ2 , (2.9)

with I0 for maximum intensity and τ for the pulse length at full width half maximum power
(FWHM). Using Eq. 2.6 for a radially symmetric beam the following relations are obtained:

I0 = 2F0
τ

√
ln(2)
π

= 4Ep
τω2

√
ln(2)
π3

. (2.10)

Absorption of Laser Radiation

The penetration of the radiation into the target will be considered as the dissipation of the
energy in a homogeneously absorbing medium. Depending on the intensity, a single photon
absorption or multiphoton absorption process can be induced [5]. The general equation for
simultaneous absorption of photons depending on the intensity is as follows:

dI
dz =

∑
m
αmIm, (2.11)

where m is the count of simultaneously absorbed photons, known as order of multiphoton
absorption and αm is the absorption coefficient for each order of absorption. The linear
absorption law for low energy densities (single photon, m=1) according to Lambert-Beer
formulates the intensity loss dI/dz over depth as follows:

dI
dz = αI, (2.12)

with α as the attenuation (absorption) coefficient of each material which is wavelength depen-
dent. This differential equation can be solved to obtain an exponential intensity distribution
inside the absorbing medium

I(z) = I0e–αz. (2.13)
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At a constant pulse length, the same relationship can be obtained for the fluence F by
simple replacement with I [12]:

F(z) = F0e–αz. (2.14)

The first crucial effect of the laser radiation on the material is the interaction with the
outer electrons of molecules or atoms. These electrons exchange energy with the crystal
lattice. Outer electrons of atoms in solid states can absorb the electromagnetic wave in the
visible (VIS), near infrared (NIR), or ultraviolet (UV) range of the spectrum.

Equation 2.11 can be solved for multiphoton absorption. Assuming that just one order of
absorption is involved, the intensity distribution over the depth of the absorber is given by
[13]:

I(z) = ((m – 1)αmz + I01–m)
1

1–m , (2.15)

and the fluence distribution is:

F(z) =
{
(τ2

√
π

ln(2))
1–m(m – 1)αmz + F01–m

} 1
1–m

. (2.16)

In order to have a correct understanding of the process, the absorbed energy distribution
needs to be taken into account in two dimensions; across the focal spot and inside the target
beneath the surface.

2.1.3 Ablation and Modification through Single Laser Pulses

Besides intensity, the main issue to control the physical processes by the interaction be-
tween single laser pulses and each specific material is the pulse length. Whereas the ablation
of solids under action of short laser pulses occurs with a conventional evaporation in a ther-
modynamic equilibrium between electrons and ions, it is in drastically different conditions
under the action of ultra-short pulses.

The heating of a solid by a short laser pulse induces an expansion of its lattice, resulting
in a change of binding energy between atoms as an increase of attractive forces to bring the
atoms back to their equilibrium position. The energy of evaporation per atom equals to its
binding energy. So only atoms with the energy in excess of binding energy leave a solid
[14].

The interaction between a material and ultra-short laser pulses can excite the electrons,
so that they leave the lattice "cold" without interacting with it. Any phase transformation
in such a laser affected solid occurs under non-equilibrium conditions which is drastically
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different from transitions in equilibrium. The time-dependent statistical distribution of en-
ergies and time for reaching the equilibrium state strongly depend on the laser and material
parameters. The minimum time for reaching equilibrium is about one hundred femtoseconds
or less [14]. The light pulses of ultra-short lasers fall below this limit.

The major difference between ultra-fast laser ablation and equilibrium evaporation is that
energy densities in excess of energy of vaporization can be delivered into the electronic part
of any solid during the period shorter than major relaxation times in solids. The electrons are
reaching their maximum energy (temperature) at the end of a pulse, while the lattice remains
cold [14]. It can start other ablation processes which are presented in the following.

High peak intensities in the TW range and high surface energy densities up to tens of
J/cm2 allow phase transitions such as crystal-to-crystal, solid-to-liquid, conversion to plasma,
ablation and creation of extreme pressure-temperature conditions in the confined interaction
zone.

Thermal Effects

The energy of excited electrons can in turn excite the lattice in an electron-phonon in-
teraction (coupling). This happens in crystals in a picosecond time interval. The induced
heating and thermal stress can result in a thermal ablation or modification of the material.
If this coupling breaks by inducing faster processes, a non-thermal ablation of the material
will be implemented. This makes fs-lasers to a powerful tool with respect to non-thermal
processes.

For laser pulse lengths in the ps, ns or µs range and for cw-lasers, electron-lattice-coupling
is responsible for the conversion of electromagnetic energy into heat, which propagates into
the material. This can be described in a thermodynamic energy consideration by assuming
that the total electromagnetic energy from N pulses with Ep as pulse energy is converted
into thermal energy (Q). In a first approximation, this was considered without any thermal
diffusion. For a volume element dV with a defined density (ρ) and a specific heat capacity
(cp) the following equation is obtained:

dQ
dV = –NdEp

dV = ρcp∆T, (2.17)

describing a temperature increase ∆T. By adding the fluence in Eq. 2.17 the change of
temperature in a material caused by an absorption of the m-th order can be computed as:

∆T = 1
ρcp

∑
m
αm

2
τ

√
ln(2)
π

m–1
F(z)m. (2.18)

For a fixed absorption order m, by excluding all other orders of absorption and by adding
equations 2.6, 2.16 and the fluence distribution of a Gaussian beam profile, the increased
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temperature for single- and multiphoton absorption respectively are given by the following
equations:

∆T = α1
ρcp

F0maxe
–2 r2

ω02 e–α1z, (2.19)

∆T = αm
ρcp

2
τ

√
ln(2)
π

m–1{τ2
√

π

ln(2)

1–m
(m – 1)αmz + F0max

1–me
–2(1–m) r2

ω02
} m

1–m
.

(2.20)

Such a thermal process heats up the material to the melting point and beyond, leading to
thermal evaporation, which is described as thermal ablation. Based on classical nucleation
theory, the thermal melting processes can be categorized in heterogeneous and homogeneous
melting [15]. Usually melting starts at the surface, where the energy barrier for heterogeneous
nucleation of a liquid layer at the solid-vapor interface is zero. In this case the melting front
propagates into the material with a speed ultimately limited by the speed of sound. Typical
times for melting by this mechanism are in the range of 100 ps. In contrast, homogeneous
nucleation is considered as a mechanism for rapid thermal melting of solids irradiated with
ultra-short laser pulses. For sufficient superheating of the solid phase the dynamics of melting
is mainly determined by the electron-lattice equilibration rather than by nucleation kinet-
ics. Therefore, complete melting of the excited material volume should occur within a few
picoseconds. This time scale lies between the longer time scale for heterogeneous, surface-
nucleated melting and the shorter time scale for a possible nonthermal melting mechanisms
[15, 16].

The heat transfer in solid states has two parts; one comes from the electrons and another
part comes from lattice vibrations (phonons) [17]. By corresponding the energy of electrons
and ions (lattice) to a thermal energy, respectively, two temperatures Te and Tl for electrons
and for the crystal lattice can be imagined.

This gives a macroscopic time dependent model for the thermal ablation, the so called
two-temperature model (TTM). For a description of laser-material interaction, particularly
when using short laser pulses, the two-temperature-model works well. It is assumed that
the temperatures of the electrons Te and of the lattice Tl can be considered separately
[15, 18, 19]:

ce
∂Te
∂t = –∂Q(z)

∂z – γ(Te – Tl) + P(t), (2.21)

cl
∂Tl
∂t = γ(Te – Tl), (2.22)
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with Q = –κe∂Q/∂z as heat flux. The κe depends on the thermal conductivity of electrons
and P represents the transferred pulse-power. Two characteristic thermodynamic times can
be defined:

τe =
ce
γ
, τl =

cl
γ
, (2.23)

where τe is the cooling time of electrons (typically a few ps) and τl is the heating time of the
lattice (typically a few ns), γ is the electron-lattice coupling constant and ce and cl are the
respective heat capacities.

For fs-lasers it can be assumed that the thermal conductivity of the electrons is negligible
and there is no electron-lattice coupling. For this case a logarithmic relationship for the
ablation temperature can be obtained [18].

This model becomes more realistic when thermal diffusion processes are included, resulting
in a heat affected zone, which is defined as a zone around the crater, whose properties and
structure have been altered by the laser processing [20]. The thermal diffusion length Lth
induces a heat-affected zone which depends on the pulse duration of each individual pulse as
follows [21]:

Lth ∝
√
2κτ , (2.24)

κ is the thermal conductivity and τ the pulse duration. By use of pulsed lasers in material
processing, results depend differently on the pulse lengths. The relation between the time
constants in case of a nanosecond laser pulse is: τ >> τl >> τe. Thus, during exposure to
the laser pulse, both electron-electron interaction and electron-phonon interaction take place.
The spreading of the heat during the laser pulse can make a change in the vicinity of the
irradiation point which is defined by the thermal diffusion length. In particular, this region
can be melted and subsequently resolidified through the heat or thermal shock waves. This
prohibits a very precise structuring [12, 15, 19].

In contrast, by a ps laser pulse with τl >> τ >> τe, which is a longer pulse length than
the electron-electron interaction time, the thermal conduction by the electrons becomes dom-
inant. Thus, the vicinity of the processed area has a clear limitation but is only moderately
influenced by the laser [12, 15, 19].

For a fs laser pulse with τl >> τe >> τ , the thermal conduction occurs only after the
end of the laser pulse and absorption process. The characteristic time for the electron-lattice
interaction lies in the ps-range [12, 15, 19], which is much longer than the transfer of energy
by the laser pulse. In this case, the heat affected zone is negligibly small and the so called
cold ablation is possible. The ablation is induced through other processes which are discussed
in the following.

The threshold for ablation depends on the fluence of the laser pulse, therefore it is called
threshold fluence. There are single and multi-pulse thresholds for ablation. Generally, a first
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laser pulse reduces the threshold for the next incident pulse. It means that the ablation
threshold with several pulses is lower than a single pulse threshold. This can be explained
by material fatigue, which has a huge influence on processing with high repetition rates and
low scan speeds (Section 2.1.5).

Considerations on the temperature in thin films under the influence of several fs pulses
with high pulse repetition rate can be found in [20]. It was shown there that the ablation
threshold decreases with increasing pulse repetition frequency, but becomes saturated at very
high levels.

Multiphoton- and Avalanche Ionization

At zero temperature (T = 0K) all electrons of a solid crystal are in their lowest energy
level within the valance band (VB). The conduction band is empty and the band gap is
without any occupied defect states. The electrons from the valence band can be excited
through electromagnetic waves (laser beam) or thermally or even through interaction with
other electrons if the energy is enough to overcome the band gap energy in an interband
transition. For an interband transition a single photon with energies in the visible (VIS)
or ultraviolet (UV) range can be sufficient. This single photon can be replaced by 2 or 3
photons which together have the same energy as the required single photon to overcome the
band gap. This process is called multiphoton absorption [5].

Figure 2.2: Schematic energy levels and excitation in a two-photon process, e.g. between S0 and
S1 states [1].

In laser processing with large peak intensities, such as in case of fs-lasers, multiphoton
absorption can be observed. Instead of a single photon with shorter wavelength, two or more
photons, each with a longer wavelength corresponding to a smaller energy than the bandgap



2.1 Laser Technology 15

hν = E < Eg, are absorbed simultaneously (h is Planck’s constant and ν is the frequency).
For the simultaneous absorption of two photons the following equation must be valid:

Eg < ∆E = E1 + E2, (2.25)

where E1 and E2 are the energies of the two photons and their sum is larger than the band
gap. If this process leads to ionization, it is called multiphoton ionization (MPI). Multiphoton
absorption is a nonlinear optical process. Decisive for the linear absorption is the fluence,
for nonlinear processes, however, it is the intensity (power per unit area) [12]. It results in
multiphoton absorption analog to Eq. 2.12 for the m-photon absorption with the absorption
coefficient αm, e.g. α2 for two-photon absorption.

The electrons within the conduction band can absorb even smaller energies and accumu-
late them. Through interaction with lattice vibrations (phonons) this energy can excite new
electrons from the valance band to overcome the band gap. The density of electrons in the
conducting band can be increased continuously. If this ratio exceeds the ratio of electron
recombination and diffusion, an avalanche process regarding increasing electron density be-
comes possible. This avalanche ionization can finally lead to an electrical breakdown of the
binding states and destroy the lattice and crystal structure, thus causing material removal
[22, 23, 24].

In dielectrics there is an average electron density of about 108 /cm3 in the conduction band
[25]. Due to an atom density of 1023 /cm3, the probability for an avalanche ionization without
multiphoton excitation is negligibly low, e.g. for a laser spot volume with a cross-sectional
area of 100µm2 and a thickness of a few hundred nanometers, where only a few electrons
are present. Only by multiphoton absorption the density of electrons in the conduction band
can be increased to reach the threshold density for an electron avalanche. The first group of
electrons excited in a multiphoton process are the so called seed electrons for the avalanche
ionization.

These generated electrons are responsible for the removal of material and their generation
process depends on the intensity as well as on the pulse duration. For pulse duration beyond
the sub-10 ps range the electrons are generated thermally and below that they are mainly
generated by multiphoton absorption.

The time-dependent behavior of electrons in the conduction band can be described by
the Fokker-Planck equation, which describes the time evolution of the probability density
function of the velocity of a particle in statistical mechanics under the influence of drag and
random forces like drift and diffusion [26, 27]:

∂f(u, t)
∂t + ∂J(u, t)

∂u = S(u, t), (2.26)

where f is the density function of electrons in the conduction band, u is the energy level of
electron states and J is the energy flow, containing the charge losses through recombination
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processes into the valance band and diffusion as well as thermal diffusion and thermal con-
ductivity. S is the generation function of electrons in the conduction band by multiphoton-
(MPI) or avalanche ionization (AI).

By integrating the Eq. 2.26 over all energy levels in the conduction band (u) the rate
equation for the electrons in the conduction band is achieved as follows [25, 28]:

dn(t)
dt + J(t) =

(
dn(t)
dt

)
MPI

+
(
dn(t)
dt

)
AI

= S(u, t), (2.27)

with an electron density of:

n(t) =
∫ ∞
0

f(u, t)du. (2.28)

The generation of conducting electrons by multiphoton absorption (m-th order) is possible
if the excitation overcomes the band gap: nEph > Eg. Combined with Eq. 2.2 the generation
rate by multiphoton absorption is as follows:

(
n(t)
dt

)
MPI

= αm
mEph

I(t)m, (2.29)

where αm is the m-photon absorption coefficient and Eph is the energy of photons. For the
avalanche ionization an exponential increase of the electron density in the conduction band
is assumed, which is in agreement with numerical computations [27]. It is also assumed that
the whole laser energy is applied for electron generation. It requires immediate ionization
without any time delays. This results in an avalanche ionization ratio proportional to the
intensity with the avalanche coefficient (a) as a characteristic material parameter [29]. This
gives the ratio for the electron generation in the conduction band through avalanche effect
as follows:

(
n(t)
dt

)
AI

= aI(t)n(t). (2.30)

Coulomb-Explosion

The simple definition of Coulomb explosion is an energy coupling from electronic excitation
into the atomic binding force, breaking the bindings. The electronic excitation is caused by
an intense electromagnetic field like ultra-short laser pulses. It is based on a huge repulsive
Coulomb force between particles with the same electric charge, e.g. cations which can break
the bonds that hold the solid together resulting in a plasma of ionized atoms.

The ablation threshold fluences for this phenomenon are in the range of 10TW to 400TW
and can be achieved by picosecond or femtosecond lasers. This kind of ablation is a "cold"
alternative ablation compared to thermal ablation.
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This effect has been proven by investigating solids at near ablation threshold fluences.
The solid emits high energy ions which cannot be produced by thermal dissociation of the
molecules [30]. This was observed by irradiating dielectrics with ultra-short NIR-laser pulses
in two different ablated phases [29]. One phase contains very high energetic ions at low
concentrations generated from a flat laser ablation crater whereas the other phase contains
very high concentration of lower energetic ions [31]. The first phase is achieved at low repe-
tition rates and at low fluences whereas the second phase is achieved when higher repetition
rates and fluences occur. Laser pulses in the lower picosecond range which generate thermal
ablation do also generate the second phase. Long pulses maintain the charge diffusion in the
solid state which prevent a Coulomb explosion.

2.1.4 Laser Induced Ablation Threshold

The laser induced ablation threshold is the threshold fluence (Fth [J/cm2]) or a minimum
amount of energy at which a material removal in solids is generated. This fluence depends
on the physical ablation process which in turn depends on the laser parameters such as
wavelength, intensity, and pulse length. Thus, the threshold fluence varies even for the same
material when changing these parameters.

The simplest way to calculate it is the imaginary removal of a first atomic mono-layer.
The ablation threshold for metals with ultra-short laser pulses can be defined as a condition
for electrons in a mono-atomic surface layer with a minimum energy equal to the sum of
the atomic binding energy and the work function of electrons. Hence, the threshold fluence
is proportional to the laser wavelength. For dielectrics it is analogous to metals with an
additional part necessary for the excitation of electrons over the band gap. In this case, the
density of free electrons depends on the laser intensity and pulse length [14].

E.g. in a thermal ablation through a linear absorption up to the melting temperature
(TM), this threshold fluence can be calculated from Eq. 2.19 and 2.20 on the surface:

Fth = ρcp
α1

∆TM. (2.31)

It is characteristic for each material. However, multiphoton absorption is intensity depen-
dent and therefore Fth additionally depends on the pulse length τ . In this case the melting
fluence for a m-photon absorption is given as follows:

Fth = m

√√√√ρcp∆TM
αm

(
τ

2

√
π

ln2

)m–1
. (2.32)

In case of silicate glass it is observed that for ultra-short pulses at the lower fs range the
MPI process dominates to reach the ablation threshold over the melting process. So the
calculated values agree with the measured values [12]. Over 50 fs, additional processes like
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avalanche ionization get involved leading to deviations in the measured values with respect
to the calculated values from Eq. 2.32.

The processes are based on electronic dynamics in solids. The threshold fluence is de-
termined by the intensity which yields a critical electron density during the laser pulse. A
method to describe the ablation thresholds in dielectrics is developed with the help of the
critical plasma electron density. Since the plasma frequency of the generated charges in solids
equals the laser frequency, the transparent solid changes to a highly absorbing medium. For
a mode locked Ti:sapphire laser with a central wavelength at 800 nm this critical density
would be fulfilled at 1021 /cm3 [23, 32].

Starting from a Gaussian laser pulse with a pulse length of τ , this critical density of
electrons can be calculated from Eq. 2.30 for an avalanche ionization process. The threshold
is supposed to be pulse length independent if it is just triggered from avalanche processes.

The electron density n for an m-photon absorption process leading to a multiphoton ion-
ization can be calculated from Eq. 2.29 as follows:

n = 2m√
4m

(
ln2
π

)m–1
2 αmF0m

mEphτm–1 . (2.33)

It can be seen that a pulse length dependency exists in this case. For a critical electron
density of ncr = 1021 /cm3 the ablation threshold can be calculated from:

Fth = 1
2

m

√√√√√4m(
π

ln2

)m–1
2 mEphncrτm–1

αm
. (2.34)

It shows that the shorter pulse lengths support lower ablation threshold fluences. For
higher pulse lengths the electron density generated from MPI will be smaller. Even if this
density from MPI is not enough to reach the critical value (ncr), the generated electrons in
the conduction band can serve as seed electrons to start an avalanche process and trigger
a dielectric breakdown. It means that for higher pulse lengths the avalanche ionization is
more depending on the existing electrons in the conduction band which can be distributed
inhomogeneously within the crystal and bring fluctuations in ablation threshold fluences at
different positions in the material [12].

Summarizing many experimental and theoretical studies shows that for ultra-short pulses
the ablation threshold is independent of pulse duration. For pulses longer than several tens
of picoseconds, which are long enough to ensure a heat- and charge-carrier-diffusion, the loss
for generated electrons has to be taken into account and will change the values. The following
dependencies are observed in previous studies [33]:

Fth ∼
√
τ for 10 ps ≤ τ ≤ 10 µs (2.35)
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and

Fth ∼ τ for τ ≥ 10 µs. (2.36)

Further points to be mentioned concerning the differences in ablation mechanisms for the
long pulse regime and short pulse mode are firstly the effect of intensity on the absorption
properties of materials with band gap. As the long pulse lasers with intensities in range of
108W/cm2 to 109W/cm2 induce just a negligible ionization in dielectrics up to UV-range,
the femtosecond laser pulses with intensities in range of 1012W/cm2 to 1013W/cm2 can
fully ionize the dielectrics because of a different energy absorption mechanism. Secondly, the
electron to lattice energy exchange time by a long pulse ablation mode is several order of
magnitude shorter than the pulse length. As a result, electrons and ions get into a thermal
energy equilibrium and the ablation has a thermal evaporation character.

2.1.5 Ablation and Modification through Laser Pulse Train

Section 2.1.3 is based on constant material properties over time during the interaction
with a single laser pulse. However, in case of high repetition rated lasers with very small
time intervals between incident pulses, the properties of the illuminated spot are as defined
just for the first pulse and each following pulse interacts with a changed medium. This is
often observed as a reduction of the threshold fluences as compared to single pulse abla-
tion. This phenomenon is called incubation and can be explained by different processes like
thermal stress, laser induced defects, and heat accumulation, which are all discussed in the
following. In transparent media, such effects can change the band structure in form of band
gap narrowing or by the generation of band gap states and make interband excitation easier
[34, 35].

The dependency of the ablation threshold fluence on the pulse number can be described
by a simple potential law:

Fth(N) = Fth(1) · Nξ–1, (2.37)

with Fth(1) as single pulse ablation threshold fluence and ξ the incubation coefficient. For
ξ = 1, the ablation threshold is not depending on the pulse number. For ξ < 1, the incubation
(pulse number) dependency is present and the smaller this value the more impact does the
pulse number have. For ξ > 1, a conditioning effect in the material even increases the
threshold fluence by crystallographical or morphologic recoveries.

Also for ultra-short pulsed lasers this model can explain the behavior of incubation in
semiconductors and other materials [36, 37, 38].
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Mechanical Ablation

There is an analogy between Eq. 2.37 and the fatigue tests in metals by repeated loading
(strain) tests. This pulse number dependency of the laser induced damage threshold can be
correlated to an accumulative thermally induced mechanical strain caused by the thermal
expansion in the irradiated volume or photomechanical fragmentation, which disintegrates
the target into clusters as a result of the mechanical stress imposed by the very rapid thermal
expansion of the surface [39, 40].

Laser Induced Defects

Defects in materials reduce the ablation threshold because of the excess charges from
resulting band gap states. These states support the interband excitation of valance electrons
even with lower energies than Eg. That is the reason for utilizing pure and low defect
materials for high power optics. Such points are the seed for the ignition of the ablation
processes for surrounding regions in the material. But the size and density of these defects
decide about their effects [41]. Even particles on the surface can have the same effect because
of the electrical field enhancement [42].

High energy ionizing radiation produces structural changes and generates defect states
in transparent dielectrics. The most prominent point defects are vacancies and interstitials
with formation energies of a few eV. Other defects like Frenkel pairs need energies above
10 eV [43]. These enable additional transitions over the band gap (F-centers). This effect
is also observed in glass using fs-laser pulses in a multiphoton absorption process [44]. It
can be generated with fs-lasers within the first radiation phase and stays mostly constant.
It changes the optical properties of the medium and increases the absorption (reduces the
transmission) of light at characteristic wavelengths [45]. This absorption changes can even be
generated at fluences below the threshold limit and make permanent changes in the crystal.
It was observed in different glasses by using a 60 fs laser that the generation of such defects
at fluences below the single pulse threshold grow proportional to Im, where m is the expected
order of multiphoton absorption processes [46].

The density of such defects in a material has a crucial impact on the ablation process.
Beyond a critical volume density the electrical tension will be so large that the solid gets
destroyed. The threshold fluence for this kind of ablation can be calculated in form of a
threshold pulse number which generates the threshold density [12]:

Nth = C1
Fm0

e–C2Fm0 , (2.38)

where C1 and C2 are material parameters which characterize the thermomechanical and
electrical stress and the F-center generation rate in each material. F0 is the initial laser
fluence in m-photon absorption.
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Heat Accumulation

Heat accumulation refers to a phenomenon which occurs especially in poor thermal con-
ductors such as glass during laser machining with high pulse repetition rates of ultra short
pulses. The material passes through non-cyclic warm-up phases by the action of the laser
pulse and cooling phases between pulses, but reaches an elevated temperature and cannot
return to its original temperature between these pulses.

At MHz repetition rate, up to several thousand pulses hit the same spot on the target sur-
face. The coupling between consecutive pulses occurs in three stages. First, the temperature
accumulation takes place, until the thermal evaporation threshold is achieved. Second, after
ablation occurs, the density of vapors begins to build-up near the ablating surface. Finally,
due to both thermal effect and density increase the vapor becomes ionized and laser-matter
interaction changes to laser-plasma interaction. The temperature rises slightly above the ma-
terial binding energy, resulting in an efficient material removal by non-thermal and thermal
mechanisms [14].

The first model for this ablation mechanism was given by Kim et al. [47]:

∆T = Fabsω20R
2cpρdK

ln(4NK
Rω20

), (2.39)

where d is the thickness of the sample, Fabs is the absorbed fluence as a part of F0, ω0 is the
beam radius of the sample, and N is the laser pulse number of the incident beam with the
repetition rate of R. The rest are characteristic parameters of the target material; thermal
capacity (cp), density (ρ), and thermal diffusivity (K).

What remains of generated heat from each pulse in the spot volume adds to the heat of
the next incoming pulses till a melting or sublimation point is reached. Beyond a critical
temperature Tc, the material will be destroyed. This model is developed for dental material
and is not valid for other materials such as glasses. It means that the model should be
modified for new materials and especially for thin films.

At constant parameters like pulse number (N) and repetition rate (R) the threshold fluence
can be calculated as follows:

Fth = 4cpρdKTc
aRω20ln(

8NK
Rω20

)
. (2.40)

Close to and below the ablation threshold, it is possible to make morphological and crys-
tallographic changes in the material which have an effect on properties such as refractive
index, E-modulus and chemical etch rates in etching media.
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In case of line scanning, one of the main parameters for heat accumulation is the pulse
number Neff which interacts at a point (spot volume) and is given by Dalili et al. [20] as
follows:

Neff =
√
π

2 ·
d · R
v , (2.41)

where the beam diameter d, the pulse repetition rate R and the scanning speed v are applied.
Based on the thermal diffusivity (K = λ/(cp · ρ)) and using the thermal conductivity (λ), its
heat capacity (cp ) and its density (ρ), the cooling time of the spot down to room temperature
can be calculated. The so called effective cooling time teff [48] is given by:

teff =
d2

λ/(cp · ρ)
. (2.42)

A mean temperature Ta is determined as a function of the maximum surface temperature
TM during the laser influence [20]:

Ta ∼= 2TM

(
τ

τpf

)1/2
, (2.43)

where TM is the maximum surface temperature during laser processing, τ is the pulse duration
and τpf is the time between two pulses (reciprocal of the pulse repetition frequency).

A Case Study

The laser used in this work has a repetition rate of 85MHz. This corresponds to a time
between two incident pulses of just about 10 ns. With a scan speed of 1000µm/s the laser
spot with a diameter of 375 nm (cf. 2.1.6) moves only 10 pm between two pulses. With this
high repetition rate the overlap between incident pulses is huge. The overlap ratio can be
calculated as follows:

Overlapping [%] = 100
(
1 – v

R ·D

)
, (2.44)

where v is the scan speed, R the repetition rate and D the spot diameter. It gives a 99.99968 %
overlap for a scan speed of 100µm/s compared to 99.99698 % for 1000µm/s. When scanning
continuously, a "pixel" is defined as a region along the scan line with dimension of the spot-
diameter. A new pixel-fluence (FPixel) can be calculated for each pixel regarding the scan
speed. Different values are calculated for different speeds as depicted in Tab. 2.1.

ITO films are structured in three different ways which are discussed in Section 4.1. For
different ITO films it was observed that the intensity has significantly more impact on the
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Table 2.1: Fluence per Pixel versus scan speed for an average power of 15mW; v presents the scan
speed and Neff the pulse number.

v Neff FPulse FPixel
[µm/s] a.u.

[
J/cm2

] [
J/cm2

]
100 399494 0.16 63831
200 199747 0.16 31915
300 133166 0.16 21277
400 99873 0.16 15958
500 79899 0.16 12766
600 66582 0.16 10638
700 57071 0.16 9119
800 49937 0.16 7979
900 44388 0.16 7092
1000 39949 0.16 6383

nature and dimension of the structures than the velocity which correlates with the pixel-
fluence. Hereby, it should be mentioned that higher power or intensity is a higher pulse energy
and causes different physical processes, whereas a lower scan speed brings a higher pixel-
fluence. These two quantities induce different processes and consequently lead to different
results [49, 50].

Using the material parameters of ITO with a heat capacity of 382 J/kgK an effective cool-
ing time of 0.725µs can be calculated from Eq. 2.42. In comparison to the intervals between
the pulses (0.012µs) this is an extremely long time span, leading to heat accumulation in the
film. However, a linear dependence between the width of the modified regions and 1/

√
v was

not observed. Based on the discussion in [48] this can not be regarded as a heat diffusion
controlled process.

2.1.6 Laser Beam Focusing and Scanning

The optical setup for focusing needs to be adapted to the laser beam properties depending
on the application. A broad industrial portfolio of optical systems is available for welding,
cutting, drilling or ablation, with focal lengths ranging from half a centimeter up to 70 cm,
depending on the beam quality of the laser unit. Focus diameters down to 10µm and even
below can be achieved by modern modular systems which are based on the mirror-principle,
the lens-principle or a combination of both in a hybrid system. Hereby, processing speeds
close to 100 m/s and positioning times of a few ms are possible.

For lenses, the working distance is generally smaller, the bigger is the enlargement. How-
ever, some special lenses provide a working distance of above 10mm at 50x magnification
and with a numerical aperture of 0.4 – 0.5.
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Focusing the laser beam down to the sub-wavelength range is difficult because of the Abbe’s
diffraction limit. In 1873 Ernst Abbe found that light with wavelength λ, propagating in a
medium with refractive index n and converging to a spot with angle θ will make a spot with
a diameter d [51]:

d = λ

2n sin θ , (2.45)

n sin θ is called the numerical aperture (NA) and can reach about 1.4 to 1.6 in modern optics.
Some objectives with oil-immersion or water-immersion lenses can have a magnification of
larger than 100 with numerical apertures larger than 1. The immersion oil or water must fill
the gap between the front element and the object as an refractive index-matching material.
When two substances with the same index are next to each other, light passes from one to
the other without reflection nor refraction. These lenses give higher resolution at high mag-
nification. Numerical apertures as high as 1.6 can be achieved with oil immersion objectives.
This makes laser spots with sub-wavelength dimensions possible.

New applications in biology, medicine and nanotechnology have appeared by coupling the
laser beam into a microscope. A combination of immersion oil objectives with high NA
and mirrors on programmable galvo scanners can be used as an alternative in research for
industrial modular systems (c.f. Section 3.1).

2.1.7 Laser Induced Periodic Self-Organized Structures

Under certain conditions so called "laser induced periodic surface structures" (LIPSS)
or ripples can be observed on various materials like dielectrics, semiconductors or metals
[52, 53, 54]. So called nanogratings, in contrast, have only been observed in the volume
of transparent bulk materials like fused silica, tellurium dioxide, single crystal sapphire or
borosilicate glasses [55].

The first ripples were observed on silicon and germanium with a millisecond-pulsed ruby
laser [6]. Many experiments demonstrated that intense laser light can stimulate physical
processes which result in surface structures at a periodicity close to the laser wavelength, also
called low-spatial frequency LIPSS (LSFL). Besides LSFL, surface ripples of subwavelength
periodicity (high-spatial frequency LIPSS (HSFL)) were observed when exposing dielectrics
to ultra-short-pulsed laser light [56, 57, 58, 59, 60, 61]. Thereby, different periodicities were
observed from a few hundred down to a few ten nanometers [62]. LSFL are mostly in parallel
arrangements and appear especially at sub-threshold fluences close to the total ablation
fluence. The ripples appear on the target surface parallel or perpendicular to the projection
of the electric field vector of laser radiation. These phenomena are different for metals,
semiconductors and dielectrics [63].

Similar effects occur by irradiating glasses with ultra-short laser pulses in form of bire-
fringent domains [52, 64]. This birefringence is caused by periodic nanogratings, which
are oriented perpendicular to the laser polarization. All reports so far demonstrated that
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nanogratings in fused silica consist of small cavities with a size of several ten nanometers
surrounded by a nanoporous structure [55]. They form a grating structure with a period
around λ

2n , with n being the refractive index of the material and λ the wavelength of the
incident laser pulses [55, 65].

A variety of theories for explaining the physical origin of LIPSS formation has been pro-
posed, but no complete understanding has been reached yet. One concept is based on an
interference of the electrical field of the laser beam with induced surface waves, which can
describe the periodicity of ripples in the range of the lasers wavelength [66]. The results in
this case are defined by the wavelength of the laser beam and the refractive index of the
material.

Another theory is based on the assumption of some fabrication induced stress in the
material which can be relaxed through laser radiation. It can also exhibit a preferred direction
in the material but has a periodicity which is independent from the laser wavelength. This
is particularly observed in glasses and polymers [67, 68].

The most convincing concepts are based on the assumption of interference effects between
two different waves which set up a periodically varying pattern of dissipation, resulting in
ablation. Proposals for the origin of the two interfering waves are:

• the incident laser light and a scattered surface wave

• the incident beam and a second harmonic surface wave

• second harmonic light and a scattered second harmonic surface wave

Alternatively, the interference patterns may also be generated by oppositely traveling plasma
waves in a laser induced surface plasma, which are excited simultaneously by laser light
striking from opposite directions [62].

In all cases, there is a conditioning effect after the first laser pulse, because the first
structures have an impact on the next generating structures and can amplify the process in a
certain direction [69, 70]. This is a point which can be exploited to make useful applications
from originally undesired structures, generated mainly on the edge of ablation trenches [70,
71, 72].

2.1.8 Laser Structuring of Thin Films

There are many studies about ultrafast laser material micromachining [20, 73, 74]. In
the fields of micro-/nanotechnology and device fabrication, thin films are of high interest
to be structured by lasermachining for various applications. Solid state thin films can be
categorized into metals, dielectrics and semiconductors and laser machining is being applied
to all three groups.

Thin film micromachining has been utilized for preparing e.g. semiconductor masks and
devices, solar cells and also for the fabrication of MEMS devices. There are many studies on
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laser structuring of relevant metal layers like Ni, Cr, Au, Cu, Ag and even steel [75, 76, 77,
78, 79, 80, 81]. Semiconductor thin films are also studied extensively [57, 82, 83, 84, 85, 86,
87]. The last group belongs to dielectrics and transparent materials which have their major
application field in optics [22, 23, 24, 56, 88, 89, 90, 91, 92].

From the last Section it can be seen that the amount of energy per volume of each material
plays a crucial role for the ablation process. This volume depends in turn on the penetration
depth of the laser radiation into the bulk material. In case of transparent or semitransparent
materials and in case of MPA this depth can be beneath the surface of the bulk volume and
the absorption is confined to a focus volume with a very high intensity. This volume is also
known as voxel coming from "volume pixel" (see Fig. 2.3). In this volume the intensity is
above the threshold for multiphoton excitation and it can be used for polymerization processes
in polymers and therefore is regarded as a pixel for 3D multiphoton polymerization.

In case of thin films the interaction volume or depth is defined through the thickness
of the material itself, being typically in the range of a few hundred nanometers, whereas
the focus volume for nonlinear effects at certain intensities is close to the µm range in axial
length. It means that the whole film thickness would be in the voxel volume for multiphoton
absorption as well as in the beam focus volume for single photon absorption (Fig. 2.3).

ITO

Glass

MPA
Voxel

Gaussian Beam
Focus (SPA)

Figure 2.3: Schematic shape of a focused laser beam profile for thin film ITO processing. A
Gaussian focused beam for SPA and a voxel of high intensity for MPA are shown.

This scale relation can be experimentally examined in this work by moving the objective
toward the ITO layer precisely in vertical direction. Thereby a fluorescent light from ITO can
be observed at intensities below the ablation threshold limit. This intensity is much stronger
as compared to the same from glass and can be seen over a range of 1µm to 2µm of vertical
objective displacement. The intensity starts in a weak amplitude, reaches a maximum and
again gets weaker and finally disappears. This behavior shows a multiphoton excitation
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in ITO, occurring besides single absorption by free electrons. However, how the ablation or
modification processes in ITO correlate with this effect is still not understood. The underlying
substrate plays an important role for the thermal and electrical diffusion from the thin film
outward and affects the ablation or modification results.

2.2 Material Properties

In this Section the applied materials are being introduced. Indium tin oxide (ITO) as
the main target of laser processing is explained in detail. Other materials, like aluminum
nitride (AlN), gold (Au), platinum (Pt), and glass substrates are presented briefly and from
the point of view which is interesting and useful for the application.

2.2.1 Indium Tin Oxide (ITO)

ITO is an n-type semiconductor metal oxide (MOX). It is based on indiumoxide In2O3
doped with 5 – 10 % SnO2. The crystal structure is like indiumoxide a cubic bixbyite [93].
Sn +

4 ions are usually located at substitutional lattice sites built on In +
3 positions and due

to their fourfold valence electrons release an excess conduction electron into the crystal. In
case of a strong tin doping, ITO becomes a degenerate n-type semiconductor, i.e. the Fermi
level lies practically in the conduction band. The charge carrier density of ITO is normally
in the range of 1020 /cm3 to 1021 /cm3 [94, 95], the resistivity in the range of 1× 10–4 Ωcm
[94]. Even the non-doped metal oxides usually possess semiconductor properties (e.g. In2O3,
ZnO, SnO2). This is due to intrinsic defects like built-in oxygen vacancies, which act as
donors as they give two electrons to the conduction band. In case of a high doping, oxygen
vacancies in ITO practically play no role in the conductivity of the layers [96]. However,
the ITO properties strongly depend on the parameters of the fabrication process, e.g. on
the pressure and oxygen content in a reactive sputtering process. This can be attributed
to tin-oxygen complexes [95] and interstitial oxygen atoms [96] in the layer. An increasing
number of built-in oxygen ions leads to a growing number of scattering centers which impair
the electrical conduction.

ITO as the most well known transparent conducting oxide (TCO) is being already used
in the production of solar cells, semiconductor lasers, as well as displays and OLEDs. It
is currently the most common oxide for transparent electrodes. Indium is a so-called post-
transition metal and it is rather rare in the earth’s crust; consequently the cost of ITO as a
material has risen sharply in recent years as a consequence of the rapidly rising demand on
the market.

Fabrication of ITO Thin Films

In industrial production processes, sputtering is most commonly used deposition method
for ITO thin films. Possible alternative manufacturing processes are thermal evaporation,
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Figure 2.4: Crystal structure (primitive cell) of indium tin oxide (ITO) [97].

pulsed laser deposition and wet chemical processes like sol-gel [97]. The sputtering process
can be done directly with ITO-targets or reactively with metallic In/Sn-targets. In both
deposition processes an argon-oxygen plasma is normally used. With a ceramic ITO target a
pure argon plasma can also be used. The properties of ITO thin films are strongly dependent
on the sputter parameters, such as oxygen partial pressure and the temperature [98]. Higher
temperatures result in a better crystallinity of the layer. However, this often leads to higher
intrinsic stress which changes the band structure and the optoelectrical properties. That is
why ITO layers are usually annealed after deposition. The annealing at 400 ◦C to 700 ◦C [95]
can be done in air, in vacuum or in a reducing atmosphere and improves optical as well as
electrical properties.

Optoelectrical Properties of ITO

The direct band gap of ITO can be tuned in a wide range of 3.5 eV to 4.2 eV [93]. Thus, in
the visible spectrum photons have insufficient energy for exciting electrons to overcome the
band gap which makes ITO layers optically transparent. A secondary band gap exists above
the conduction band, which is also responsible for the optical transparency of ITO [94, 99].
The large number of electrons in the conduction band can therefore also not be excited by
optical photons.

ITO doping results in an increasing of the effective band gap due to the Burstein-Moss
effect [100]. The effective band gap (EF – EV) increases by shifting the Fermi level towards
the conduction band [94]. This can be described by the following formula [101]:

∆BM =
(
1 + m∗e

m∗p

)
EF, (2.46)
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where m∗e is the effective mass of electrons and m∗p is the effective mass of holes. This results
in the following relationship between the broadening of the band gap and the carrier density
ne with the position of the Fermi level EF = h̄2

2m∗e (3π
2ne)2/3 [102]:

∆BM = h̄2
2m∗ (3π

2ne)2/3, (2.47)

where ne is the carrier density and (m∗)–1 = (m∗e)–1 + (m∗p)–1.

This effect is based on the location of the lower free states within the conduction band,
which are occupied through heavy doping. The next free states are only available at higher
energies, leading to a practical increase of the band gap. However, in case of ITO the
Burstein-Moss effect is not fully present, because of a change in the band structure by the
heavy doping, having a counteracting effect [93]. There are many-body effects, such as
electron-electron scattering and electron-impurity scattering, which are referred to the band
gap normalization ∆RN [102]. In summary, both effects are shown in Fig. 2.5.

Figure 2.5: Change of band gap for tin doped In2O3 caused by Burstein-Moss-shift ∆BM and by
band-gap-normalization ∆RN, as discussed in [102, 103].

In addition to the grain size of ITO, also the band gap reduces with increasing deposition
rate [104]. This is because the grain boundaries, which include space charge zones, represent
potential barriers. They are poorly conductive and have a high proportion of tin and oxygen
[105]. When the grain size decreases, the number of barriers increases, leading to a lower
carrier concentration and, hence, to lower conductivity. Due to the Burstein-Moss shift, a
lower carrier concentration leads to a smaller band gap.

Based on the metallic character of ITO with respect to the electrical conductivity, the
Drude approach is applicable. This is allowed for TCOs by assuming that the charge carriers
behave like quasifree electrons within the conduction band. The mass of electrons (me) is
replaced by an effective mass (m∗e) which is related to the crystal properties and the band
structure. This effective mass is inversely proportional to band bending so that for flat band
structures it is heavier and electrons are more localized with a lower mobility [17]. In ITO,
m∗e is 0.28-0.43 times of the electron rest mass me [106, 107, 108].

By simplification, the ITO crystal can be regarded as an ionic compound with free electrons
behaving like an electron gas. These electrons are responsible for the conductivity in the
material, which can be calculated by applying the kinetic gas theory . Inside of the gas there
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is no electrical field. An external electrical field accelerates the electrons during their free
flight phases between bouncing off heavier, relatively immobile positive ions. The equation
of motion for such an electron is given by [17]:

d−→vd
dt + me

τs
−→vd = –e−→E , (2.48)

where (−→vd) is the drift velocity and τs is defined as the average scattering time between
subsequent collisions of free electrons with ions, defects or impurity atoms.

Under stationary conditions the velocity of electrons is invariant and the acceleration
vanishes (d

−→vd
dt = 0). In this case the mobility of electrons is defined as follows:

µ =
−→vd−→E

= eτs
me

, (2.49)

where me is the electron rest mass (9.109× 10–31Kg) and e the electron electrical charge
(1.602× 10–19C). An electric field generates a current density (−→j ), which is given with a
charge carrier density of n as follows:

−→j = neµ−→E , (2.50)

and the conductivity can be calculated from σ = −→j /−→E :

σ = nτe2
me

= 1
ρ
, (2.51)

where ρ is the resistivity. By combining Eq. 2.49 and Eq. 2.51 the conductivity can be
calculated from µ and n: σ = enµ. For thin film layers with a thickness t it is very common
and convenient to use the sheet resistance R� = ρ

t , given in Ω/square.

Interestingly, this approximation coincides very well with the Hall- and four-probe mea-
surements. From measured values for µ and n (Tab. 1 in Section 4.3.2) a resistivity of
2.661 × 10–4 Ωcm can be calculated for sputtered films and 3.942 × 10–4 Ωcm for annealed
films which is in very good agreement with experimental values of 2.66 × 10–4 Ωcm and
3.95 × 10–4 Ωcm, respectively. This exact agreement is a mere coincidence, although it can
partly be explained by a high density of quasifree electrons (1021 /cm3 .) at room temper-
ature. This makes the scattering of electrons at grain boundaries irrelevant and the only
resistance for charge carrier transportation comes from ionized defects in crystals [109].

Incident light on a surface boundary is partially reflected, transmitted and absorbed, so
that the initial intensity of light splits up into a reflected intensity (IR), a transmitted intensity
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(IT) and an absorbed intensity (IA). Normalized for the initial intensity I0 the conservation
of energy gives:

1 = R + T + A. (2.52)

where R, T, A are the coefficients of reflection, transmission, and absorption.

This can be measured in a transmission/reflection measurement. The results for one charge
of deposited ITO films are presented in Fig. 2.6.
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Figure 2.6: Calculated absorption curves from transmission-reflection measurement on sputtered
ITO on glass substrate compared with the laser spectrum.

The interaction of electromagnetic waves with solids can be described by the dielectrical
function (ε) of the material. It illustrates the relation between the electric field (−→E ) and the
electric displacement field (−→D):

−→D = ε0
−→E +−→P = ε0ε

−→E , (2.53)

where ε0 is the vacuum permittivity and −→P is the macroscopic density of the permanent
and induced electric dipole moments in the material (polarization density). In conducting
and semiconducting materials it can be explained by the Drude-Lorentz-modell [17]. In
semiconductors, the electron mass should be replaced by the effective electron mass. Using
an oscillating electric field in Eq. 2.48 yields:

m∗e
d2−→x
dt2 + m∗e

τs

d−→x
dt = –e−→E0e–iωt, (2.54)
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with ω = 2πf and f the frequency of the electromagnetic wave (light). Assuming a forced
oscillating movement by the electrons with the same frequency the differential equation can
be solved as follows:

−→x = e
−−→
E(t)

m∗e
(
ω2 + i ωτs

) . (2.55)

The polarization in a free electron gas is defined as ne ·−→x and gives the following dielectric
function:

ε(ω) = εopt –
ne2

ε0m∗e
(
ω2 + i ωτs

) = εopt

1 – ω2p(
ω2 + i ωτs

)
 , (2.56)

where εopt is called high frequency permittivity and contains the background polarity of the
undoped material and the plasma frequency ωp:

ωp =

√√√√ ne2
εoptε0m∗e

. (2.57)

This is the frequency of longitudinal oscillations of free electrons with respect to the fixed
positive ions in a solid (plasmon). The plasma wavelength (λP = 2πc/ωP) can be shifted due
to the charge carrier density (λP ∝ n–1/2). In ITO it can be varied within a wide range by
changing the charge carrier density to tune the optical properties.

The optical properties are determined by the band edge and the plasma edge in the trans-
mission/absorption curve. Energies higher than the band edge energy are being absorbed in
the material and the energies below the plasma edge are not. In other words, the plasma edge
gives the lowest absorbing energy which can interact with free electrons in the conduction
band.

Thermal Properties

The thermal properties of ITO depend strongly on the fabrication process. However,
Ashida et al. found an interesting phenomenon in reactively sputtered polycrystalline ITO
films applying the nanosecond thermoreflectance method. The thermal diffusivity of 200 nm
thick films with widely varying electrical conductivities were investigated. The thermal diffu-
sivity of the ITO films ranged from 2.3× 10–6m2/s to 1.5× 10–6m2/s which was associated
with the electrical conductivity of the films [110, 111]. The contribution of free electrons
to the thermal conductivity reached 40 % for highly degenerate ITO films with a constant
contribution of phonons (see Fig. 2.7). The phonon contribution to the heat transfer in ITO
films with various resistivities was found to be almost constant λph = 3.95W/mK. The mean
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Figure 2.7: Thermal conductivity versus electrical conductivity for polycrystalline sputtered ITO
films deposited at various O2 flow rates [111].

free path of phonons in the ITO films was estimated to be 0.99 nm, which coincides with the
lattice constant of bixbyite In2O3 [111].

The thermal conductivity of ITO was taken from this study and used for simulations.
Polycrystalline ITO has a heat capacity of 2.58× 106 J/mK and a thermal conductivity
ranging from 4W/mK to 5.95W/mK [111]. The latter increases with increasing oxygen
content in the sputtering chamber with ceramic targets [111]. The layers were sputtered with
a partial oxygen content of 0 – 5 %.

The melting temperature of ITO is about 2000 ◦C [105]. The thermal expansion coefficient
is 7.2× 10–6 /K [112], which is the same as for glass. This means that virtually no thermal
stress should be present for ITO layers on glass [113]. Investigations by Kaune et al. on
sputtered ITO thin films on glass substrates showed a film stress in the range of 100MPa
[113]. This is mainly due to intrinsic stress caused by the layer growth. However, ITO films
on polymer films are much more under thermal stress than those on glass [112].

Chemical Structuring of ITO

ITO can be patterned by wet chemical etching, by dry etching or by laser-based techniques.
Commonly used in the industry is etching in halogenic acids, particularly in hydrochloric acid
(HCl). However, it can also be etched with high etch rate in HF, HI, and in aqua regia, a
mixture of hydrochloric acid and nitric acid. The addition of catalysts, such as oxidizing
agents, can accelerate the etching process [98, 114, 115, 116]. It is also the addition of
catalysts such as oxidizing agents, accelerate the etching process [117]. The etching in non-
halogenic acids is also possible, but with a lower etch rate.
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The etching process of ITO in hydrochloric acid can be described by the reaction equation
for In2O3 [114]:

In2O3 + 6HCl −−⇀↽−− 2 In3+ + 6Cl– + 3H2O, (2.58)

which gives water, chlorine ions, and indium ions. The etch rate depends crucially on the
concentration of the etching solution, its temperature and on layer properties [116]. In
particular, grain size, crystallinity, oxygen and tin content play an important role [118].
Thus, the etch rate is strongly dependent on the manufacturing process and on a possible
annealing step, which reduces the etch rate substantially. Amorphous ITO can be etched
with a high etch rate [98]. However, a direct relationship between the etch rate and electrical
conductivity which, in turn, depends on grain size is not found [118].

Mechanical Properties

Mechanical properties of ITO thin films, such as Young’s modulus and Poisson’s ratio,
are process dependent just like other non-mechanical parameters. The literature values from
Neerinck et al. for Young’s modulus and Poisson’s ratio of sputtered ITO layers are 116GPa
and 0.35, respectively [119].

Mechanical properties of thin films can be characterized by nanoindentation experiments.
A brief introduction to this method is given in Section 3.2.5.

Parameters like grain size, film thickness and internal stress can have an influence on the
nanoindentation results, causing statistical scatter. Because of these variations it is more
convenient to get a statistical distribution of the measured elastic moduli. Additionally, the
size of nanoindents may also have an impact on the dislocation assisted mechanical properties
known as indentation size effect and possibly also on elastic properties, due to the material
pile-up or sink-in during indentation [120]. Furthermore, to limit the influence of the substrate
on the measured properties, nanoindents were performed with a constant maximum depth of
40 nm in 200 nm thick films with 27 indents at two different areas of the sample. The results
are obtained from the data acquisition system (nanoDM) for each point with a resolution of
0.1 nm. A statistical distribution of data for elastic moduli for all 27 points is shown in Fig.
2.8.

A guideline for nanoindentation measurements on thin films is that the indentation depth
should only be about 10% of the total film thickness to avoid an influence of the substrate. In
the presented case this value was 20%, due to some technical problems with the calibration
of the indentation tip. However, because of a relatively high hardness of the used SCHOTT
thin glass substrates of about 700GPa this increased depth is not expected to have a negative
effect on the results.
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Figure 2.8: Standard statistical distribution of the measured elastic modulus from nanoindentation
experiments on sputtered polycrystalline ITO thin films on glass substrates.

The measurements yielded an average value of 95GPa for Young’s modulus. The average
value for the hardness is about 10 GPa. The data scattering on Fig. 2.8 is not easy to
interpret. Although it is a relatively high deviation, it is not abnormal. It shows among
other things that the film quality of ITO varies on the sample. A more exact interpretation
needs a systematic study which was not possible in this project.

2.2.2 Glass Substrate

In the applied structuring method in this work a high-numerical aperture (N.A.) oil im-
mersion objective (EC Plan Neofluar 40x from Zeiss, N.A. 1.3) with a working distance of
210 µm was used to focus the light tightly into the sample. To guarantee the pulse length
and prohibit any contamination of the samples by immersion oil, the illumination of the ITO
layers was done from the back through the glass substrates.

The choice of glass as a standard substrate for all applications is also supported by other
properties, such as good electrical and thermal isolation, a high transparency in the optical
range of the spectrum, chemical stability and bio-compatibility. The first point makes an
isolation of electrical parts toward the substrate unnecessary and makes the processing easier.
A refractive index of 1.51 matches very well with the optical setup including an intermediate
immersion oil.

The applied substrates are AF 32 R© eco thin glass 4 inch wafers from SCHOTT. It is an
alkali-free flat glass fabricated in a special down-draw technique with a thickness of 145 µm.
A fire-polishing of the surface results in a low RMS roughness value of below 1 nm. Further-
more, the coefficient of thermal expansion of AF 32R© eco is the same as that of silicon by
3.2× 10–6 /K. For this reason, it is perfectly suited for use as an optical packaging material
in the semiconductor industry. Due to its high transformation temperature, it can be used
in high-temperature applications of up to approximately 600 ◦C [121].
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Figure 2.9: Transmittance of the used glass wafers.

The transmittance of such substrates was measured and is illustrated in Fig. 2.9 for different
wavelengths.

2.2.3 Aluminum Nitride (AlN)

Aluminum nitride (AlN) is a solid with a crystal structure predominantly in wurtzite
form with a melting point of Tm > 2400 ◦C. The atomic binding between Al and N is
partly ionic and partly covalant in nature. The band gap of wurtzite polycrystalline AlN is
about Eg = 6.2 eV. Impurities, such as e.g. oxygen atoms, can change the band gap and
optoelectrical properties [122].

AlN become attractive in the middle of the 1980s for applications in microelectronics,
optoelectrtonics and for optical coatings, due to its relatively high thermal conductivity,
its excellent electrical insulation, its piezoelectric properties, its high hardness and its low
dielectric constant. In addition, it is not toxic and easy to recycle. Thermal conductivities
in the range of 110W/mK to 260W/mK for polycrystalline AlN were measured [123]. It
is stable at high temperatures. In addition, the thermal expansion coefficient of AlN has a
value of 4.3× 10–6 /K [124], which is close to that of the used glass substrates of 3.2× 10–6 /K
[121].

The standard fabrication method for AlN is by reactive sputtering from pure Al targets.
The purity of the target from oxide contamination is very important to get good results. After
fabrication an oxide layer with a thickness of 50Å to 100Å grows in air, which passivates the
surface and stops the further decomposition of AlN [125]. This layer protects the material
up to 1370 ◦C. At higher temperatures bulk oxidation occurs.

In this work AlN is utilized as a sacrificial layer to release freestanding laser induced
nanostructures from ITO. It was chosen for this purpose because it satisfies all requirements.
Such a sacrificial layer must be transparent for the laser beam, should have a higher ablation
threshold than ITO, and should possess a refractive index close to that of glass and ITO.
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Furthermore, a very low surface roughness is required to serve as substrate for ITO sputtering
and it should be etchable selectively versus ITO.

AlN films are synthesized according to a standardized process by Ababneh by DC reactive
sputtering in an N2 atmosphere [126]. The optical properties are measured in a transmission-
reflection measurement as shown in Fig. 2.10. It shows a high transparency for the laser
beam spectrum. According to the literature, the refractive index of AlN has values in the
range of 1.8 to 2.5, which fits very well to the desired range for good index-matching [127].
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Figure 2.10: Transmission-reflection measurement on sputtered AlN on glass substrate.

The surface roughness of the sputtered films on the glass substrates was analyzed by
atomic force microscopy (AFM). With a value of 1.5 nm it is low enough for sputtering of
high quality ITO films on top (see Section 4.15). The roughness of the glass substrate was
in the range of 1 nm, according to specifications.

AlN can be etched in phosphoric acid (H3PO4). The etch rate depends on the crystal
structure and morphology of AlN. At a temperature of 80 ◦C an etch rate of 75 nm/min was
obtained. The etch rate of ITO in phosphoric acid is much lower, thus enabling a selective
etch process for a sacrificial layer surface micromachining technology.

2.2.4 Gold (Au) and Platinum (Pt)

Gold (Au) is mainly used as conducting inert material for metallization to make the
conductive pads and paths. In addition to a relatively low resistivity (ρAu = 2.2× 10–6 Ωcm
[128]), gold has a good biocompatibility and is being used for biomedical applications.

Gold layers are deposited in a DC magnetron sputtering machine from a 99.9% pure
gold target. It can be etched in aqua regia (nitrohydrochloric acid) as a mixture of 37%
HCl and 70% HNO3. The etch rate is changing over time because of the reaction between
HCl and HNO3 and the generation of gold-salts in the medium. The average etch rate is
around 10 µm/min at room temperature and can be increased by heating. In the presented
applications, a lift-off process is applied to structure the deposited gold layer, which yielded
very good edges by using an image reversal photoresist (Section 2.2.5).
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For the fabrication of freestanding structures (Section 4.15), the first chips were fabricated
with a metallization of sputtered gold. However, better results were achieved by replacing it
with platinum (Pt), having a low resistivity of ρPt = 1×10–5 Ωcm [128]. The platinum layer
is DC sputtered in an argon plasma with a 99.9% pure target. For structuring the platinum
layer a lift-off process was used with an image reversal photo resist. A typical thickness in
the presented applications is on the order of a few hundred nm.

2.2.5 Photoresists

Photoresists are photochemically modifiable polymers which are used for the production
of structures in the micrometer and nanometer range in a lithography process. The main
ingredients are polymers or epoxy resins, solvents, as well as a photosensitive component.

Resist have the property to change their solubility in certain solvents (developers) after
selective exposure to a certain wavelength by a mask defined lithography process or by a
scanning laser beam. Depending on the photochemical effects they are divided into different
types which are briefly discussed in this Section.

Positive Photoresist

In positive photoresists after exposure and development only the unilluminated areas
remain (positive pattern of the mask). The main component of most positive resists is
a synthetic resin, which is also referred to as novolac (Fig. 2.11). Novolacs are phenol-
formaldehyde resins (synthetic polymers obtained by the reaction of phenol or substituted
phenol (C6H5OH) with formaldehyde (CH2O) with a formaldehyde to phenol molar ratio of
less than one. The chain length of these macromolecules is variable; it affects especially the
temperature stability of the resist. It is included as a binder in a proportion of about 20 % in
a synthetic resin and is soluble in water. They all contain the same photoactive compound
(PAC) which responds to the whole UV-spectrum from 310 nm to 440 nm covering the three
main mercury lines, i, h and g. They may be used with broadband as well as with monochro-
matic exposure. Different novolak resists or fractions thereof were chosen to adapt them to
different demands [129]. The processing consists of the following steps: dispense, prebake,
exposure, post exposure bake, development and an optional hard bake.

The resin is usually a diazo compound, for example. Diazonaphthoquinone (DNQ) ad-
mixed as photosensitive component. DNQ inhibits the dissolution of the novolac resin, but
upon exposure to light, the dissolution rate increases even beyond that of pure novolac.
Diazonaphthoquinone reacts under the action of UV light and in the presence of water to
carboxylic acid, and thus brings about a solubility in turn, the solubility in aqueous alkali
solutions (e.g. NaOH). All AZ1500-series resists are compatible with all common developers
used for positive photoresists, like AZ351B (diluted 1:4).
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Figure 2.11: Novolac molecular structure.

In this work AZ1518 from MicroChemicals GmbH was used as a standard photoresist.
The processing was done following the data sheets for standard spin-coating and exposure
with a mask-aligner with i-line from a mercury-vapor lamp [130, 131].

Negative Photoresist

In negative photoresists after development only those areas remain, which were not pro-
tected by the mask during exposure (negative pattern of the mask). Exposed areas lose their
solubility in the developer liquid through photoinduced polymerization while the unexposed
areas remain soluble. SU-8 is the most common product originally invented by IBM designed
for micromachining and other microelectronic applications, where a thick, chemically and
thermally stable polymer image is desired. Because of the biocompatibility it was used as
a passivation layer to passivate the paths and prevent electrical short circuits and depress
the parasitic effects on biochips [130] in this project (Section 4.3). Other reasons for the
utilization of SU-8 are more convenient lithographically fabricated passivation layers and its
optical transparency which was useful for transparency of the whole chip. This product is
being sold by Microchem.

The basic substance of this epoxy based photoresist is bisphenol A-novolac epoxy dissolved
in an organic solvent with up to 10 wt% of mixed triarylsulfonium/hexafluoroantimonate salt
as the photoacid generator. The light irradiated on the resist interacts with the salt in the
solution creating hexafluoroantimonic acid that then protonates the epoxide groups in the
resin monomers. The monomers are thus activated but the polymerization will not proceed
significantly until the temperature is raised as part of the post expose bake. It is at this
stage that the epoxy groups in the resin cross-link to form the cured structure. When fully
cured, the high cross-linking degree is responsible for the excellent mechanical properties of
the resist [132, 133].

SU-8 exhibits adhesion to various substrates such as Si and glass, as well as metals includ-
ing gold. However, the substrate must be well prepared and should be clean and dry. The
processing consists of the following steps: dispense, softbake, exposure, post exposure bake,
development and an optional hard bake.
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Figure 2.12: SU-8 molecular structure [134].

The soft bake is the most important of the bake steps for stress formation. It is performed
after spinning. Its function is to remove the solvent from the resist and make the layer
solid. Typically at least 5% of the solvent remains in the layer after the soft bake. However,
the thicker the coating, the harder it becomes to remove the solvent, as evaporating solvent
through thick layers becomes increasingly difficult with coating thickness. The bake is per-
formed on a programmable hot plate to reduce the skinning effect of solvent depletion at the
surface, creating a dense layer which makes the remainder of the solvent more difficult to
remove. In order to reduce stress, the bake procedure is generally a two step process made
up of holding at 65 ◦C before ramping to 95 ◦C and holding again for a time dependent on
the layer thickness. The temperature is then lowered slowly to room temperature.

The exposure is thickness dependent and to reach the proper exposure energy a correction
factor due to the used substrate should be added which is 1.5 for glass substrate. SU-8 is
most commonly exposed with conventional near UV (350 nm to 400 nm) radiation, although
i-line (365 nm) is recommended. It is also recommended to use a long pass filter to eliminate
UV radiation below 350 nm.

The passivation is achieved through a relatively thick SU-8 layer and a optimized fabrica-
tion process to realize stress free and crack free layers. The electrical properties of SU-8 can
be summarized with its high resistivity of ρ = 7.8× 1014 Ωcm and a permitivity of εr = 3.28
at 1 GHz [133]. The main developer for SU-8 is 1-methoxy-2-propanol acetate. Development
time is primarily a function of SU-8 thickness [133].

Image Reversal Photoresist

Reversal resists are special positive resists which are intended for lift-off-techniques which
call for a negative wall profile. They behave in the usual process sequence as a positive
resist and may even be used in this way. Although they comprise a novolak resin and
naphthoquinone diazide as photoactive compound (PAC) they are capable of image reversal
(IR) resulting in a negative pattern of the mask. In the presented fabrications here AZ5214E
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fromMicroChemicals GmbH was used for lift-off processes with a light sensitivity for i- and h-
line (310 nm to 420 nm). It may be used with broadband as well as monochromatic exposure.
In fact, AZ5214E is almost exclusively used in the IR-mode. The processing consists of
these steps: dispense, prebake, exposure, reversal bake, flood exposure, development and an
optional postbake.

The image reversal capability is obtained by a special cross-linking agent in the resist
formulation which becomes active at temperatures above 110 ◦C and only in exposed areas of
the resist. The cross-linking agent together with exposed PAC leads to an almost insoluble
(in developer) and no longer light sensitive substance, while the unexposed areas still behave
like a normal unexposed positive photoresist. After a flood exposure (no mask required)
this areas are dissolved in standard developer for positive photoresist, the cross-linked areas
remain. The overall result is a negative image of the mask pattern [135].

A positive photoresist profile has a positive slope of 75 ◦ to 85 ◦ depending on the process
conditions and the performance of the exposure equipment (only submicron-resists get close
to 90 ◦C). This is mainly due to the absorption of the PAC which attenuates the light by
penetrating through the resist layer. The result is a higher dissolution rate at the top and a
lower rate at the bottom of the resist.

The most critical parameter of the IR-process is reversal-bake temperature, once optimized
it must be kept constant within ±1 ◦C to maintain a consistent process. Thus, it may
for example result in bubbles or foaming by thermally mobilized nitrogen which inevitably
arises during the exposure. This temperature also has to be optimized individually for each
process. In any case it will fall within the range from 115 ◦C to 125 ◦C. If the image reversal
activation temperature is chosen too high (>130 ◦C) the resist will thermally cross-link also
in the unexposed areas, giving no pattern. The flood exposure is absolutely uncritical as
long as sufficient energy is applied to make the unexposed areas soluble. 200mJ/cm2 is a
good choice, but 150mJ/cm2 to 500mJ/cm2 will have no major influence on the performance
[135].

The developing step is by immersing the layer for about 1 minute into a standard developer
prepared with AZ351B 1:4 diluted.





3 Experimental Methods

This Chapter describes the experimental methods used in this project. It begins with
an introduction to the utilized laser setup. Then the material characterization methods are
introduced, including those for material analyzing before and after laser processing as well
as those for characterization of completely fabricated chips.

3.1 Utilized Laser-Setup

Nanoprocessing with femtosecond laser pulses is becoming more efficient with shorter
pulses (see Section 2.1.2). The efficiency can be enhanced by multiphoton effects while m-
photon excitation follows a Pm/τm–1 dependency. With ultra-short pulses, e.g. below 20 fs,
the ablation threshold can be overcome even with low-power systems. With high repetition
rate laser oscillators, material processing can be done already with an average power in the
lower mW range [1].

Near infrared (NIR) laser microscopy, as one of the new approaches in biomedical research
to make diffraction limited manipulations, can overcome the diffraction limit by using NIR
laser pulses in femtosecond range. In this project, an integrated femtosecond laser in an
inverse microscope is applied to achieve laser nanostructuring on a large variety of materials
(Fig. 3.1). Tightly focused laser light of sub-15 femtosecond pulses with a repetition rate
of 85MHz at a central wavelength of 800 nm (spectral width of 120 nm) enables nanoscale
processing of a variety of materials, including ITO layers. The focusing of the beam is carried
out with an objective mounted on a piezo actuator, allowing precise adjustments with steps in
the nanometer scale. The beam can be scanned in x- and y-direction by using galvo-scanners
with adjustable scan speeds. Reflective optical elements in form of mirrors are not dispersive,
but the lenses and filters are, so that the pulse length will be changed (pulse broadening)
after propagation through the setup due to group velocity dispersion effects. To compensate
for that and to be able to change the pulse length of a package of different wavelengths
toward longer pulses, chirped mirrors 1 and other dispersive media made of silica glass are
additionally installed in the beam path. With the help of this setup, the pulse length on the
microscope can be varied between 3 ps and 12 fs but at the cost of intensity. The laser has
an output power of 415mW. To achieve the minimum pulse length of 12 fs on the sample, a
1A dielectric dispersive mirror which is usually used for dispersion compensation in mode-locked lasers. The
basic idea is that the Bragg wavelength is not constant but varies within the structure, so that light at
different wavelengths penetrates to a different extent into the mirror structure and thus experiences a
different group delay [4].
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huge part of its power gets lost through optical parts resulting in an average power of about
25mW.

Figure 3.1: Scheme of the high resolution laser-microscope setup.

By applying a TEM00 mode with a Gaussian profile and with the optimum widening for a
homogeneous coverage of the rear lens in the objective, a diffraction limited spot size can be
achieved with a diameter of d = 0.61λ

NA = 375 nm and with an exposure area of 0.11µm2. The
central laser wavelength λ is at 800 nm and the numerical aperture (NA) of the objective
is with 1.3 close to those of glass and immersion oil. Mean and transient values for laser
parameters are summarized in Tab. 3.1 for the maximum reachable power on the sample.

Figure 3.2: The pulse length of 12 fs is measured with a second-order interferometric scanning
autocorrelator on the objective. The laser pulse features an M-shaped broadband
spectrum [1].



3.2 Material Characterization Methods 45

Using an oil immersion objective (EC Plan Neofluar 40× from Zeiss, NA = 1.3) with high
numerical aperture enables sub-wavelength spot sizes. The working distance of this objective
is 210µm. In combination with thin glasses as substrate, it is possible to focus the laser beam
tightly from the back through the substrate onto the thin film on top. In contrast to front
side illumination, this setup prevents any contamination with immersion oil and additionally
avoids any shielding effects of the plasma on the surface which could disturb the processing.

Table 3.1: A summary of laser parameters using an oil immersion objective from Zeiss (NA = 1.3).

Sspot R τ Pavg Iavg Epulse Ppeak Ipeak F
[µm2] [a.u.] [fs] [mW] [MW/cm2] [nJ] [KW] [TW] [J/cm2]
0.11 85 ∼ 12 25 22.7 0.294 24.5 22.3 0.267

A CCD camera enables monitoring of the process over a side connection of the microscope.
Galvo-scanners and the piezo driver are controlled by interfaces which were programmed in
LabVIEW. Also, a software was developed to generate the x, y, and z coordinate points for
the scan line to write a desired structure at a chosen scan speed. This software is able to
generate the data set for different applications, including 3D structures.

3.2 Material Characterization Methods

Different techniques are applied to characterize the used materials, according to their
desired applications and including the result of laser processing. This Section gives a brief
summery about these methods and the setups which were used for each technique. The
results achieved are presented in the relevant Sections or in the included publications.

3.2.1 Structural Analysis

In this part, analysis methods using an electron beam are shortly presented. For an
electron beam as for any particle beam a de Broglie wavelength can be attributed, which is
inversely proportional to their kinetic energy. Thus, a resolution much higher than with a
light microscope can be achieved.

Scanning Electron Microscope

In a scanning electron microscope (SEM), an electron beam is being scanned in a preset
pattern over an object to get an enlarged image of the surface and the structures on it by
detecting the electrons after their interaction with the object. The beam is generated in an
electron source (gun) and gets accelerated in an electric field with a voltage of typically 1 kV
to 10 kV. In this case of observing ITO, the electrons have been accelerated mostly with
5 kV.
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When the electron beam interacts with the material, it loses energy by different mecha-
nisms. This includes conversion into heat, emission of low-energy secondary electrons and of
high-energy backscattered electrons as well as light emission (cathodoluminescence) or X-ray
emission. These electrons of different sources or energies propagate in the chamber, which
is under high vacuum. They are received by detectors and give information about different
properties of the material, such as surface topography. From this an image of the surface
can be generated. A secondary electron detector was the favorite imaging mode used in
this project. The interaction volume for the various scattering types and imaging modes is
illustrated in Fig. 3.3 as a depth ranged issue. The imaging resolution is dependent on the
volume generated by the emission type.

Figure 3.3: Scheme of the interaction volumes by the various types of scattered electrons and
X-rays [136].

With this method, the surface structure of the films including sub-20 nm structures were
imaged and measured. When imaging cross sections, the thickness of deposited layers could
be measured. For this purpose, the sample was tilted 52 degrees. It should be noted that
the true thickness is calculated from the following relation:

d = dmeasured
sin52◦ . (3.1)

The electrons from the beam should flow off from the sample to prevent surface charging
effects. The surface must be conductive and be short circuited to the holder. For this purpose,
on almost all samples a gold layer of about 10 nm was sputtered on which was connected to the
holder with a conductive tape. Only the freestanding nanowires (Section 4.15) were measured
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without coating in a so called environmental scanning electron microscope (ESEM). This
method can produce images of sufficient quality and resolution with the samples contained
in a low pressure gas ambient. The gas atmosphere serves as a short circuit and conducts
the electrons (see Section 4.15).

For the measurements with the desired resolution a FEI STRATA DB235 system and a
dual-beam FIB System of Type Helios Nanolab 600 from FEI were utilized.

Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a microscopy technique in which a beam of
electrons is transmitted through an ultra-thin sample, interacting with the material as it
passes through it. An image is formed from the interaction of the electrons transmitted
through the specimen; the image is magnified and focused onto an imaging device, such as
a fluorescent screen, on a layer of photographic film, or to be detected by a sensor such as
a CCD camera. The preparation of samples for the test was done by using ion beam slicing
and polishing using a micromanipulator in SEM. The desired area must be thin enough so
that the thickness of the sample is smaller than the penetration depth of the electrons in the
material. Thus, sufficiently accelerated electrons are used.

In TEM the electrons are typically accelerated in the range from 100 kV to 400 kV. The
contrast is not dependent on the absorption, but on scattering and diffraction of the electrons
within the sample. If the transmitted electrons are used to get the image, this mode is called
bright field. Thicker regions of the sample, or regions with a higher atomic number will
appear dark. The image is in effect assumed to be a simple two dimensional projection of
the sample down the optic axis. The other mode is dark field imaging which is based on
diffracted electrons.

By TEM analysis on two different materials with different atomic numbers (Z), this dif-
ference appears in the image. Electrons are scattered stronger by the atoms with larger Z
than those with smaller Z. Highly scattered electrons are substantially less transmitted and
reach the screen in a significantly smaller number. Therefore, heavier elements have a darker
contrast on the picture than the lighter ones. This effect can be used in so called Z-contrast
image for identifying clusters and material transitions in the medium.

For TEM measurements a JEM 2011 system from JOEL was utilized.

Energy Dispersive X-Ray Spectroscopy

Energy dispersive X-ray spectroscopy (EDX) is a widespread analysis method that often
operates together with scanning electron microscopes because of a common vacuum chamber
and an electron gun. The composition of an unknown material is determined in this method
by irradiating the sample with high-energy electrons (> 5 keV). The electrons are decelerated
inside a volume of interaction by various mechanisms (see Fig. 3.3), including collisions with
orbital electrons in the lower atomic orbitals (e.g. K-Shell). High energetic electrons ionize
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the atoms. Now electrons from outer shells (e.g. L-Shell) move to the free energetically more
favorable conditions by releasing characteristic X-rays (e.g. γ = Kα1). This X-ray energy
is characteristic for each element. From the intensities of the individual emission lines the
elementary composition can be calculated.

The radiated X-ray is measured by a solid state detector, its signal being proportional to
the energy. By using a focused electron beam as excitation source a high spatial resolution
is achieved. The excitation volume depends on the energy of the electrons. Since the film
layers (e.g. ITO) are thin, the incoming electron energy is reduced by 5 keV to ionize
the L-electrons, thus minimizing the substrate-signal and reduce the error of measurement.
This method is a more qualitatively measurement for comparing the samples from different
processes and with varying compositions.

X-ray Diffractometry

X-ray diffractometry is a nondestructive analysis method for identifying the crystal struc-
ture, crystal defects, and mechanical stress in materials. Therefore, X-rays interact with
material in different forms. The superposition of elastically scattered electromagnetic waves
at atoms of crystal planes, results in diffraction patterns which can be analyzed to extract
the material properties. The X-ray source is the characteristic Cu Kα-line with a wavelength
of 1.5406Å which is in the same order of magnitude as the lattice constant.

Two beams with identical wavelength and phase approach a crystalline solid and are
scattered off two different atomic layers. They traverse different ways, with a length of 2dsinθ.
If this length is equal to an integer multiple of the wavelength of the radiation a constructive
interference occurs. The diffraction pattern exhibits, if Bragg’s Law is satisfied:

n · λ = 2 · d · sinθ, (3.2)

where n is the order of interference, λ the X-ray wavelength, d the lattice constant, and θ

the angle of incidence as shown in Fig. 3.4.

dsinθ
θ

d

Figure 3.4: Schematic view of the Bragg condition by scattering of two beams from two different
atoms (atom layers).
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By using a data bank of all phases of different materials it is possible to make a phase
analysis to obtain the crystal orientations in polycrystaline materials.

Grazing incidence X-ray, typically from a crystalline structure uses small incident angles
for the incoming X-ray, so that diffraction can be made surface sensitive. It is used to study
surfaces or thin films such as ITO because of limited wave penetration in material in the order
of nanometres. Below the critical angle an evanescent wave is generated which exponentially
damps in a very short distance, so that Bragg reflections are only coming from the surface
structure.

These measurements were done by a material research diffraction X’pert PROMPD system
from PANalytical.

3.2.2 Optical Analysis

For an optical way of material structuring the optical properties of involved materials are
of course decisive parameters for achieving the desired results. In this project, two strong
standard methods were applied for measuring the needed properties of each layer. A short
introduction to each method is given in this Section.

The only directly measurable optical quantity of a thin film material in interaction with
light is the intensity of the reflected and the transmitted component. Thus the optical
properties of a layer, such as the complex refractive index, can be measured only indirectly.
This can be used in so called transmission and reflection measurements as well as in a model
based method like ellipsometry.

Ellipsometry

Ellipsometry is an optical method for an indirect determination of the thickness and the
complex refractive index of a thin layer on a known substrate. Here, the measuring principle
is based on the change in the polarization between incident and reflected wave. The incident
wave has a defined direction of linear polarization and the polarization properties of the
reflected wave give information on the sample (Fig. 3.5).

The measurement can be carried out at one or more angles and wavelengths. Directly mea-
sured values are Ψ and ∆, which represent the amplitude ratio and phase difference between
two orthogonal light polarization components, respectively; p as parallel and v as vertical
component to the surface of the sample. These two components possess different reflection
coefficients and dipole radiations which cause an amplitude and phase change related to each
other resulting in an elliptical polarization [138]:

ρ = rp
rv

= tanψei∆ with tanΨ = |rp|
|rv|

, ∆ = δrp – δrv, (3.3)

r is the intensity and δ is the phase of the respective components.
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Figure 3.5: Typical ellipsometry configuration, where linearly polarized light is reflected from the
sample surface and the polarization change is measured to determine film thickness
and refractive index [137].

Spectroscopic ellipsometry gives the incident light energy as a function of wavelength.
Spectroscopic ellipsometry thereby gives more information about the sample, such as the
dispersion of the refractive index, which cannot be determined with a single wavelength.
In contrast, a single-wavelength ellipsometer has a simpler structure and operation; it can
use a single laser as radiation source. A spectroscopic ellipsometer applies Xe-, quartz-,
tungsten-, halogen or SiC-globar lamps or a combination thereof to cover a wide spectral
range with enough intensity. The source light is linearly polarized prior to reaching the
sample. The polarization state is determined by a rotating analyzer and by a photodetector,
after reflection from the surface. The measured signal in case of an elliptical polarization is
a sinusoidal signal with a constant offset DC as follows:

V(t) = DC + a cos (2ωt) + b sin (2ωt), (3.4)

where a and b are variables defined by Ψ and ∆ as follows:

α = a
DC = tan2 Ψ – tan2 P

tan2 Ψ + tan2 P
, (3.5)

β = b
DC = 2 tanΨ cos∆ tanP

tan2 Ψ + tan2 P
, (3.6)

with P as azimuth angle of the input polarizer with respect to the plane of incidence. The
inverted equations for the determination of Ψ and ∆ are as follows:

tanΨ =
√
1 + α

1 – α | tanP|, (3.7)

cos∆ = β√
1 – α2

tanP
| tanP|. (3.8)
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In case of a multilayer structure, the unknown optical constants for each layer can be
calculated by using fitting parameters in an optical model with an optimal match between
measured and calculated values (Fig. 3.6). A precise optical model of the layer arrangement
is essential, containing the optical constants of each layer and their thicknesses; even the
roughness of the surface and also transition layers at interfaces are important for reliable
results [138].

Figure 3.6: Flowchart for ellipsometry data analysis [137].

The model uses Snell’s law and Fresnel’s equations for thin films including multireflection of
light in thin films to get the total reflecting light. The complex refractive index (N = n – ik)
of each layer contains the real part in form of the refractive index (n) and the extinction
coefficient (k), with n being related to the phase velocity while k indicates the amount of
attenuation when the electromagnetic wave propagates through the material. Alternatively,
the optical properties can be represented as a complex dielectric function, which is defined as
ε = N2 and the absorption coefficient α = 4πk

λ . The dielectric function of a material describes
the electrical and optical properties versus frequency, wavelength, or energy. It describes the
polarization (electric polarizability) and absorption properties of the material [137].

When modelling for the unknown constants, a preliminary estimate is given for the pur-
pose of starting the calculation. The calculated values are compared to experimental data.
Any unknown material properties can then be varied to improve the match between experi-
ment and calculation. The number of unknown properties should not exceed the amount of
information contained in the experimental data. A mean squared error (MSE) of an estima-
tor is used to quantify the difference between calculated and measured curves. The unknown
parameters are varied until a minimum MSE value is reached.

The optical constants for a material will vary for different wavelengths and must be de-
scribed at all wavelengths probed with the ellipsometer. For the optical modeling, a disper-
sion relationship for the optical constant versus wavelength is being used. The adjustable
parameters of the dispersion relationship allow the overall optical constant shape to match
the experimental results. This greatly reduces the number of unknown parameters.
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For this dispersion relation different models exist, depending on the optoelectrical prop-
erties of each material. For transparent materials with k=0 the Cauchy-modell is the best
description of the dispersion of the refractive index. Electrically conducting absorbing layers
often exhibit a transparent wavelength region where the Cauchy model can also be applied.
However, within the absorbing region both the real and the imaginary part of the optical
constants are required. This can be done by the Lorentz-Oscillator-Model based on Lorentz
harmonic oscillators [137, 138].

The utilized system for the measurements in this work was a spectroscopic ellipsometer
M-2000/A-SE from J.A. Woollam Co. Inc..

Transmission and Reflection Measurements

For making transmission and reflection measurements, light of a specific wavelength is
irradiated on the sample and detectors measure the intensity of the transmitted and reflected
light under each proper angle in order to maximize the effect. In general, the measurement
is carried out for many wavelengths to determine the transmission and reflection in a specific
range of the light spectrum. The standard reflection angle is above the critical angle for
total reflection. For transmission the light is radiated vertically onto the sample, and the
transmission is measured on the other side.

The relation of Eq. 2.52 between reflected, transmitted and absorbed light intensities is
valid, so that from the transmission T and reflection R of the sample the absorption A can
be determined. Optical properties of thin films are generally determined from measurements
of the film-substrate arrangement. The optical properties of the substrate must be known
in order to be able to extract the layer properties from the measurements. Using reflection
and transmission measurements does not make it easier, since the reflection at the interface
between film and substrate must also be considered. A mathematical relationship for this is
derived in the following.

When an electromagnetic (EM) wave ~EIei(
~k·~r–ωt) strikes an optical boundary layer, it can

be split up into its vertical Es
I and parallel Ep

I components relative to the plane of incidence.
At the interface between two media a transmitted electromagnetic wave ~ETei(

~kT·~r–ωt) and a
reflected electromagnetic wave (~ERe

~KR·~r–ωt) occur, whose amplitudes can also be described
in two polarization planes (Es

T, E
p
T and Es

R, E
p
R).

Due to a coordination system with xz-plane on incident wave, the components in the x
and y directions for electric field vectors ~E and the magnetic field vector ~H can be obtained
by adding the amplitudes with parallel and perpendicular polarization [139].

Additionally, the x and y components (tangential components) of ~E and ~H = ~B/µ must
be continuous at the interface, assuming no charge on the boundary surface and with tan-
gential alignment to the interface derived from the Maxwell-equations. The reflection and
transmission of light can be summarized in Fresnel relations with n0 the refractive index of
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air, n1 of the layer and n2 of the substrate and µ1 and µ2 the magnetic permeability of the
media.

For the general case of a bilayer system and media with complex refractive indices N =
n + ik with incident or reflecting angle α and transmitting angle β all components of the
electric field can be calculated as follow:

Ep
R

Ep
I
=

n2
µ2

cosα – n1
µ1

cos β
n1
µ1

cosα + n2
µ2

cos β = rp, (3.9a)

Ep
T

Ep
I
=

2n1µ1 cosα
n1
µ1

cos β + n2
µ2

cosα = tp, (3.9b)

Es
R

Es
I
=

n1
µ1

cosα – n2
µ2

cos β
n1
µ1

cosα + n2
µ2

cos β = rs, (3.9c)

Es
T

Es
I
=

2n1µ1 cosα
n1
µ1

cosα + n2
µ2

cos β = ts, (3.9d)

where rp and rs are the so-called Fresnel reflection coefficients, ts and tp are the Fresnel
transmission coefficient. For nonmagnetic materials all µ = µ0 and can be ignored. The
derivation does not depend on whether the refractive indices are real or complex.

For dielectrics the absorption factor disappears and Nj = nj. For vertical irradiation in me-
dia with the same magnetic permeability equal to vacuum (µ = 1), parallel and perpendicular
components are indistinguishable (α = β = 0). Thus it follows [140]:

r1 = n0 – n1
n0 + n1

, (3.10)

t1 = 2n0
n0 + n1

. (3.11)

For the following calculation µ = 1 is assumed. These relationships are for amplitudes, but
as mentioned before just the intensity is a measurable parameter as square of the amplitude.
The following relations are obtained:

R1 = |r1|2 = (n0 – n1)2
(n0 + n1)2

, (3.12)

T1 = n1
n0

|t1|2 = n1
n0

4n20
(n0 + n1)2

. (3.13)
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In case of a thin layer, multiple reflections occur and the following relation for reflection
and transmission of a layer-substrate arrangement is calculated [140]:

R = (n20 + n21)(n21 + n22) – 4n0n21n2 + (n20 – n21)(n21 – n22) cos 2δ1
(n20 + n21)(n21 + n22) + 4n0n21n2 + (n20 – n21)(n21 – n22) cos 2δ1

, (3.14)

T = 8n0n21n2
(n20 + n21)(n21 + n22) + 4n0n21n2 + (n20 – n21)(n21 – n22) cos 2δ1

, (3.15)

with n0 the refractive index of the ambient, n1 of the layer and n2 of the substrate. δ1 is the
phase shift as it passes through the layer. For an absorbing film, for n1 a complex refractive
index N1 = n1 – ik1 must be used. The result for transmission is as follows [139]:

T1 = n2
n0

[(1 + g1)2 + h21][(1 + g2)2 + h22]
e2α1 + (g21 + h21)(g22 + h22)e–2α1 + Ccos 2γ1 +Dsin 2γ1

, (3.16)

with

g1 = n20 – n21 – k21
(n0 + n1)2 + k21

h1 = 2n0k1
(n0 + n1)2 + k21

, (3.17)

g2 = n21 – n22 + k21
(n1 + n2)2 + k21

h2 = –2n2k1
(n1 + n2)2 + k21,

(3.18)

α1 = 2πk1d1
λ

γ1 = 2πn1d1
λ

, (3.19)

C = 2(g1g2 – h1h2) D = 2(g1h2 + g2h2). (3.20)

The utilized system for these measurements was a Cary 5000 UV-Vis-NIR from Agilent.

3.2.3 Electrical Analysis

Electrical properties of sputtered ITO films as well as ITO nanowires were in focus of these
studies. These are essential parameters for different applications based on electrical effects.
Here three main methods are presented.

Four-Point Probe Measurement

The four-point probe method or four-terminal sensing is an electrical impedance measuring
technique that uses separate pairs of current-forcing and voltage-sensing electrodes to make
more accurate measurements than the simpler and more usual two-terminal sensing. Four-
terminal sensing is used in some ohmmeters and impedance analyzers, and in wiring for
strain gauges and resistance thermometers. Here, four-point probes are used to measure
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sheet resistance of thin ITO films. In combination with a controlled variation of temperature
the temperature coefficient of resistance was also studied.

The separation of current and voltage electrodes eliminates the effect of inner probe re-
sistance and contact resistance from the measurement. This is an advantage for precise
measurement of low resistance values. An array of linearly placed gold tips with equal spac-
ing is used with the voltage reading sense wires as the inside pair, while the constant current
feeding wires are the outside pair.

For inline arrangement of tips the resistivity is defined as :

ρ = 1
σ
= GV

I , (3.21)

where the correction factor G is a function of sample geometry, the position of the probes
on the sample, and the spacing between probes. These all affect the electrical field lines
in the sample. Depending on the electrical field line distribution in the sample, various G
values for a variety of shapes, dimensions, and aspect ratios have been calculated. G-value
For extended thin films with a thickness d much smaller than the spacing between the tips
on homogeneous substrates a G-value of π

ln2 was determined [141]. In this case the sheet
resistance can be the calculated as follows:

R� = π

ln2
V
I . (3.22)

The combination of the four-point probe with a heatable chuck with controlled temperature
gives the opportunity to measure the temperature coefficient of resistance (TCR) in the
material under investigation [50]. Here the temperature could be adjusted in the range from
10 ◦C to 90 ◦C and used this setup to measure the TCR of ITO films which show a metal-like
behavior. The following equation was used to fit the measured curves for calculating the
temperature coefficient of resistance:

ρ = ρ0(1 + α∆T), (3.23)

with ∆T = T2 – T1, ρ0 = ρ(T0), and α the TCR-coefficient.

I/V Measurement

Standard measurements of the detected currents versus applied voltages were performed in
two case studies. It was applied to ITO micro test structures on glass substrates for extracting
the maximum current density in air. The test structures had different dimensions so that the
wires had a length of 400 and 2000µm and a width range of 10µm to 80µm. Such structures
were fabricated by lithography and a lift-off process with gold being used for contact pads
and gold tipped contact probes. With this setup the behavior of ITO microstructures and
their electrical breakdown was studied [50].
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Such I/V measurements were also applied to fabricated nanowires for studying the maxi-
mum current density they can carry after laser processing but also to study the self-heating
effect. For this purpose the measurements in air were repeated in a heatable chamber under
defined atmosphere and a constant cooling power, to find out the temperature coefficient of
resistance for the fabricated nanowires.

A long term reliability measurement of nanowires including their drift behavior was done
with this method.

Hall Measurement

A Hall measurement was performed in order to determine the charge carrier density and
mobility in deposited ITO layers. Samples were prepared for Hall measurements with contacts
made in a Van der Pauw arrangement.

The Hall effect is based on a deflection of the current of charge carriers in a magnetic field
as a result of the Lorentz-force:

~F = q[~E + (~v× ~B)], (3.24)

a particle of charge q moves with velocity ~v in presence of an electric field ~E and a magnetic
field ~B and experiences a force ~F. The charge carriers in semiconductors can be electrons
(n type) or holes (p type ) and for each of them the same calculations are valid with n or p
indices.

When a current is flowing in a conductive sample and is then exposed to a vertical magnetic
field, the charge carriers experience a deflection. This leads to an accumulation of the charge
carriers at one side of the sample which causes a measurable electrical voltage increase, the
so called Hall voltage (UH). The sign of the resulting Hall voltage depends on the sort of
carriers (i.e. holes or electrons or a combination thereof). Since ITO is a degenerate n-type
semiconductor, the charge carriers are electrons. This case is schematically shown in Fig.
3.7.

Figure 3.7: ITO thin film in a magnetic field ~B, with ~v the drift velocity of electrons, ~F the Lorentz
force, and ~Fel the electric field force [130].
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The induced force of the electric field (q−→E ) counteracts the Lorentz force. Looking at this
field as the inside of a parallel plate capacitor constellation, the following relation for the
charge carrier density N is obtained [142]:

N = IB
qdUH

, (3.25)

with I being the current flowing through the sample, B the magnetic field, q the charge of
an electron, d the film thickness and UH the Hall voltage. With electrons being the major
charge carriers in n-type ITO and from the Hall coefficient RH = UHnt

IB = –1
Ne , the electron

mobility can be calculated as follows:

µn = –σUHnt
IB , (3.26)

where the value of UHn (Hall voltage of electrons), t (sample thickness), I (current) and B
(magnetic field) can be measured directly, whereas the conductivity σ can be obtained from
measuring the resistivity. The index n stands for parameters of electrons.

3.2.4 Topographical Analysis

Two different profilometery methods were used for two different purposes: thickness mea-
surements and roughness measurements. To make quick thickness analyses on the sputtered
films or spin-coated layers, an electromechanical profiler was used. For more precise mea-
surements on the surface of films particularly in the case of sputtered materials, an atomic
force microscope (AFM) was applied.

Atomic Force Microscopy

Atomic-force microscopy (AFM) is a very-high-resolution method for surface analysis with
demonstrated resolution on the order of fractions of a nanometer.

The AFM consists of a cantilever with a sharp tip (probe) at its end to scan the surface.
The cantilever is typically silicon or silicon nitride with a tip radius on the order of nanome-
ters. When the tip is brought into proximity of a sample surface, forces between the tip and
the sample lead to a deflection of the cantilever according to Hooke’s law. Depending on
the situation, forces that are measured in AFM include mechanical contact force, van der
Waals forces, capillary forces, chemical bonding, electrostatic forces, magnetic forces, Casimir
forces, solvation forces, etc.. Typically, the deflection is measured using a laser spot reflected
from the top surface of the cantilever into an array of photodiodes.

The AFM can be operated in different modes, depending on the application. In general,
possible imaging modes are divided into static (contact) modes and a variety of dynamic
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(tapping) modes where the cantilever is vibrated or oscillated at a given frequency in a
certain distance to the surface.

The roughness of different films was characterized by atomic force microscopy (AFM)
measurements using an Image 3100 system from Veeco in form of amplitude and phase of a
silicon cantilever in tapping mode. The evaluation of data was done with WSxM 4.0 software
(Nanotec) [143].

Profilometry

The Dektak 150 is a stylus (contact) profilometer that is used to measure height differences
(steps) on samples. This system operates by the stylus physically making contact with the
sample surface and moving the stage from front to back (e.g. the stylus is held statically in
place) to measure changes in surface height.

The thicknesses of different layers were measured with a Dektak 150 surface profiler from
Veeco. It delivers surface profiles along a line scan and even over long distances up to 200 mm.
This system drives a stylus electromechanicaly in contact mode with different contact forces
between 0.03mg to 15mg. The vertical deflection of the stylus converts to an electrical
signal with a linear variable differential transformer (LVDT). This gives a vertical resolution
of 0.1 nm in the smallest scan range of 6.5µm.

3.2.5 Mechanical Analysis

Indentation is the act of bringing two bodies into hard contact; one being a probe, ex-
tremely stiff and minimally altered by the interaction, the second is the specimen whose
properties are aimed to be quantified. It is the response to the applied load that provides an
indication of the mechanical properties.

Stress measurements are one of the most common ways to test the mechanical properties
of materials. These tests are quick and easy, repeatable and inexpensive. In macroscopic
testing a load is applied and the residual imprint left by that load is optically measured to
determine the contact area. The ratio of the applied load Papplied to the residual contact
area Aresidual gives the hardness (Hmacro = Papplied

Aresidual
) [144]. This hardness value is the plastic

response of the material to an applied load. The measurement of the residual contact area
is only as good as the resolution of the imaging technique.

It is well known that thin films do not necessarily have the properties of the same bulk ma-
terials. Therefore there is a necessity for measuring their mechanical properties independently
from the bulk. The classically available microindentation machines do not allow for loads low
enough to isolate the properties of thin films from those of the substrate. Therefore, specific
machines for nanoindentation experiments had to be developed to reach precisely controlled
indentation depths in the nanometer range. The guideline is to have an indentation depth of
only about 10% of the total film thickness to exclude the influence of the substrate.
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Figure 3.8: From left to the right: Load-displacement data demonstration in elasticity of com-
pletely elastic material, elastoplastic material, and ideally plastic material [120].

In the nanometer regime, atomic scale heterogeneities can have a large impact on the
results. Factors such as location of the indent, surface preparation, surface orientation, the
tip radius of the indenter and even the tip material play important role [145, 146].

By using the so called depth-sensing indentation a probe makes indents while recording
the applied force and the corresponding displacement using a transducer. These displacement
measurements are on the order of nanometers, and the applied force is usually on the order
of micro-Newtons. This technique has one significant difference from traditional methods in
the scale of resolution. The whole material response is recorded, both the elastic and the
plastic deformation.

Nanoindentation utilizes continuous measurement of the displacement as the load is ap-
plied and then removed. Fig. 3.8 shows a typical loading profile for three different cases.
An elastically deformed material will retrace completely the loading curve by unloading. An
elastoplastic material displays a mixture of elastic and plastic behavior. A primarily plasti-
cally deformed material will have almost no elastic recovery and keeps the deformations.

As the size of the nanoindents is small compared to the whole sample, after performing
calibration methods including tip area function calibration, frame compliance (inverse of the
stiffness C = S–1) measurement, and tip to optic calibration, the stiffness of the thin film can
be isolated by excluding that of the substrate and the measurement frame. It is also assumed
that only the normal force is transmitted to the sample. The hardness of the material can
then be defined as [120]:

HC = Pmax
AC

, (3.27)

where HC is the hardness, Pmax is the maximum indentation load, and Ac is the projected
area of contact at depth hC (Fig. 3.9). The residual deformation is the plastic response,
related to the final depth hf (see Fig. 3.27). The tip is also assumed to have a very high
rigidity; any elastic response is accounted for in the reduced modulus Er. From this definition
it is obvious that any inaccuracies determining the depth of contact have an influence on the
calculated hardness values. Miscalculations in the area of contact influence the calculated
applied stress, and can therefore dramatically change the calculated results.
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Figure 3.9: Schematic of an indenter at maximum load Pmax with an associated total depth of
hmax. The contact between the indenter and the surface at maximum load is defined
by depth hc, with a corresponding projected area of contact Ac. The dashed line
(left), with a final depth of hf , indicates the sample profile after the load has been
removed.Corresponding load displacement curve, indicating the final depth hf , the
intercept depth hi, the contact depth hc, and the maximum depth [120].

In addition to hardness, the elastic moduli can be obtained from instrumental indentation
experiments. The reduced modulus is calculated using the area of contact and the stiffness
as follows [144]:

Er =
√
π

2
√
Ac

S. (3.28)

The slope of the tangent at maximum load is the dashed line in Fig.3.9b. The stiffness S
is the slope of this line. From here the modulus of the material can be calculated using Eq.
3.29 with values for Young’s Modulus and Poisson’s ratio of the indenter tip. An efficient
method of combining the two moduli is to assume that the two materials behave like springs
in series. The reduced modulus can be expressed [120]:

1
Er

= 1 – ν2m
Em

+ 1 – ν2i
Ei

, (3.29)

where Em and Ei are Young’s moduli for the sample material and the indenter, respectively
and νm and νi are the Poisson’s ratios, accordingly. The elastic contact is small compared to
the overall size of the specimen and the indenter.

The nanoindentation results presented in this work were obtained from a Hysitron TI
900 TriboIndenter system equipped with a PerformechTM controller, Stanford Research Sys-
tem (SRS) 830 DSP lock-in amplifier and National Instruments USB-GPIB adaptor with a
sharp Berkovich tip. This system is a powerful quantitative instrument for nanoindentation
measurements. It has the ability to image the surface before and after indentation. The
system has three main parts: the transducer, the transducer controller and a separate data
acquisition system. The scanning probe microscope (SPM) software is used to interpret the
voltage signal from the transducer, and the microscope piezos enable displacement control
when imaging. The transducer holds the indenter tip which is also functioning as an imaging
tip.
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The most important part of the TriboIndenter is the patented three-plate capacitive
force/displacement transducer, developed by Hysitron. For these experiments a nanoDMA
III compatible transducer was used, enabling dynamic mechanical analysis, thus making
continuous measurements (CMX) of different mechanical properties possible. By dynamic
measurement, a sinusoidal loading can be applied in addition to a static loading. With this
technique, the load amplitude and frequency (0.1Hz to 300Hz) can be defined in addition
to the routine controllable parameters for the quasi-static measurement, such as maximum
load (displacement), loading (displacement) rate, number of segments, data acquisition rate,
etc. [147].

Additionally, the TriboIndenter utilizes an active anti-vibration system, an acoustic en-
closure, a stage controller and optic electronics. With the aid of the aforementioned parts, it
was possible to control the following items during nanoindentation:

• Atmosphere, humidity and temperature variation.

• Environmental vibrations; vibrations below 200 Hz can be dampened actively with the
active anti-vibration system and vibrations above 200Hz can be dampened passively
[147].

The utilized system has a depth resolution of 0.2 nm and can apply indentation loads as
high as 10mN with a resolution of 1 nN [120].
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Figure 3.10: Left: A diagram of the indent loaded versus indent displacement for an indentation
point, right: the from data acquisition system (nanoDM) delivered data; two curves
of hardness and elastic modulus of an indentation point on sputtered polycristalline
ITO film.

The continuous hardness measurement was calculated based on the following formula
[147]:

H = P + PAC
Ac

, (3.30)

where PAC is the dynamic actuation force and Ac is the contact area.
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The contact displacement hc for the nanoDMA III analysis can be calculated as:

hc = (h + hAC) – ε×
P + PAC
kstorage

, (3.31)

where h is the maximum displacement, hAC is the dynamic displacement, ε is defined as
a geometric constant related to the probe, P is the applied quasistatic force, PAC is the
dynamic actuation force and kstorage is the storage stiffness, which can be calculated by the
following equation:

Kstorage =
PAC × cos(θ) + mT × ω

hAC
– kT, (3.32)

where θ is the phase shift between dynamic force and displacement fluctuations, mT is defined
as the mass of the transducer, ω is the radial frequency and kT is defined as the stiffness of
the transducer [147].

3.3 Device Characterization Methods

The fabricated devices presented in Chapter 4 have been characterized by different tech-
niques for each proper application. In this Section a short introduction to each method is
presented.

3.3.1 Electrical Measurements

One of the main issues are the electrical properties of ITO material in fabricated NWs. For
this purpose a series of I/V measurements were done on the wires in air as well as tempera-
ture controlled TCR-measurements in a heatable chamber under defined atmosphere. These
measurements were performed by the Laboratory for Measurement Technology at Saarland
University with low currents to eliminate the self-heating effect. These measurements de-
livered the TCR value as well as the resistivity of ITO in form of NWs. The results are
presented in Section 4.4.

Gas Measurement

The fabricated NW-gas sensors with self-heating effect were measured in cooperation with
the Laboratory for Measurement Technology (LMT) under coordination of Dr. T. Sauerwald
in a gas measurement setup (see Fig. 3.11).

For the measurement a NO2 in a dilution of 1000 ppm was used as test gas. The gas
pipes are divided into two lines. One pipe carried 100% humidity by passing through a
wash bottle and the second one stayed dry. By mixing of these two flows a desired humidity
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Figure 3.11: Schematic design of the gas measurement setup (LMT) [148].

level can be achieved. The gas flow is being adjusted by mass flow controllers which are
controlled by a LabVIEW program. The flow goes into an airtight measurement cavity. The
gas temperature was kept at room temperature and the flow was adjusted to 200 sccm with
different percentages of NO2 and a constant relative humidity of 50%. The exact procedure
of these measurements is mentioned in Section 3.11.

3.3.2 Impedance Spectroscopy

To characterize the fabricated bioelectrodes, a standard method of impedance spectroscopy
is applied. In this method an alternating potential is applied to the working and reference
electrode and the resulting alternating current is being measured. The ratio between these
two measured parameters gives the impedance of the system recorded in phase and amplitude
over a wide frequency range of 10–4Hz to 106Hz [149].

To reduce nonlinearities in the IV-relation caused by reaction of redox products, it is
better to use low voltages of 2mV to 10mV. In this range it can be approximated as a
linear relation. In such a linear system an applied voltage with a certain frequency induces a
current with the same frequency. Otherwise, the induced current would be a superposition of
different harmonically generated frequencies [150]. Among other methods, the phase sensitive
detection (PSD) with a lock-in technique and a frequency response analyzer (FRA) is the
most established method [151].

The PSD method is a proper way to detect week signals in very noisy environment. The
lock-in technique needs a reference modulating signal with a defined frequency. With this
technique signals in an up to 105 times higher noise amplitude environment can be detected.
The second method, FRA is based on the correlation of the response impedance signal to
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a sine signal with generated sine-shaped and cosine-shaped signals with the same frequency
[152].

Figure 3.12: Schematic design of the impedance spectroscopy measurement setup (IBMT).

The measurements were done in cooperation with Fraunhofer Institute for Biomedical En-
gineering (IBMT) in the group of Dr. W. Poppendieck. First, an impedance measurementis
carried out, then a physically correct equivalent circuit should be fitted to the measurements.
Each elements in this circuit addresses a certain chemo-physical process. For the calculated
parameters of the circuit elements a realistic chemo-physical model must be developed. It
can describe and interpret the systemically relevant parameters and processes.

The measuring points are normally being presented in Bode diagrams or Nyquist diagrams.
Each method has its advantages and disadvantages and the aimed application defines the em-
ployed presenting way. The fitting procedure is based on the complex nonlinear least-squares
technique (CNLS) which must be in turn numerically solved by the Marquard-Levenberg
method [150, 152]. The clue within this indirect mathematical method is that the equivalent
circuit, the initial parameter values and the error value from fits must be controlled carefully
to prevent any wrong interpretation.
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4.1 Sub-100 nm Structuring of ITO Polycrystalline Thin
Films

4.1.1 Introduction

The patterning of ITO by laser is a current research topic. The most common method
is the direct ablation, in which ITO is removed directly by exposure to the laser beam (see
Fig. 4.1 left). For structure definition, the beam can be moved by means of a galvo scanner
system or else the sample is moved via stepper motors or piezoelectric scanners [153]. An
advantage of this method is the direct writing without the need for further steps like etching
or lithography, except for a possible cleaning step. Another benefit is the applicability to
non-acid-resistant plastic substrates. No wet chemical etching is necessary, so no chemical
changes in the coating and no chemical contamination on under lying layers occurs. However,
the processing times are often quite long, because scan rates are limited for many ps and
fs lasers. The redeposition of the removed material on the edges of the ablation trench is a
further disadvantage, lowering the quality of the structures for some applications.

Using ps- and fs-lasers gives the opportunity to make selective material scribing which
is being applied in the fabrication of solar cells and photo diodes by structuring ITO as
transparent conductive layer on top of the absorber layer (e.g. Si). Scan speeds of a few ten
meters per second have been achieved, in case of structuring processes for CZTSe thin-film
solar cells leading to short process times [154, 155, 156].

Table 4.1: Parameters used in the literature for ITO laser structuring using nanosecond-lasers (cf.
[50]).

Laser Wavelength Pulse Length Threshold Fluence Trench Width Ref.
[nm] [ns] [J/cm2] [µm]

KrF 248 23 0.3-0.6 - [157]
F2 157 20 0.27 20 [158]

Nd:YLF 1047 15 18 < 20 [159]
Nd:YLF SH 523 15 41 < 50 [159]
Nd:YLF TH 349 15 8 < 30 [159]
Nd:YAG TH 355 35 < 0.1 20 [160]

Many studies for laser structuring of ITO using nanosecond lasers have been done which
are summarized in Tab. 4.1 1. There are also some studies on the removal by femtosecond
laser, whose parameters are shown in Tab. 4.2.

It should be noted that the effect of the laser beam on the ITO layer does not only depend
on the specified laser parameters, but also on the ITO layer thickness and its optoelectrical
properties. Lasers with wavelengths in the ultraviolet range of the spectrum are preferred
for ITO structuring because of a high absorbance of ITO in the optical short wavelength
1SH and TH stand for second and third harmonic of the initial wavelength of the laser.
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Table 4.2: Parameters used in the literature for ITO laser structuring using Ti:sapphire femtosec-
ond lasers (cf. [50]).

Wavelength Pulse Length Threshold Fluence Trench Width Repetition Rate Ref.
[nm] [fs] [J/cm2] [µm] [Hz]
800 100 0.1 ca. 20 80× 106 [89]
810 150 0.07 < 10 1× 103 [154]
800 60 0.2 3 1× 103 [161]
800 600 0.4 3 1× 103 [161]

range. Thus, lower threshold fluences can be achieved. The optical focusing method is also
an essential factor.

A new way of ITO laser structuring is by recrystallization at intensities below the ablation
threshold. This approach was primarily investigated in this work and also by one other
group [59, 162, 163]. One can also speak of simplified heat treatment or rapid annealing.
ITO can be subsequently structured by selective wet chemical etching in halogen acids, since
its etching rate depends significantly on the layer properties (Section 2.2.1). The crystallinity
of the layer can be significantly improved by the laser annealing process, whereby the etch
rate of the processed area drops considerably and only the unprocessed ITO layer is removed
[164]. This process behaves like working with a negative resist, as can be seen in the right of
Fig. 4.1. In addition to being a clean process with no contamination by removed material,
it has the advantage of improved crystallinity, leading to an increase in conductivity and
transparency of the film [164].

Fine conductor lines can be produced by direct writing in a short time, whereas in the
ablation setup the whole surrounding area needs to be illuminated, requiring much longer pro-
cess times. In addition, very narrow structures with widths of only a few hundred nanometer
even down to sub-100 nm can be realized by using sub-15 fs laser pulses [61].

Figure 4.1: Principle of ITO laser structuring through a glass substrate with a near infrared laser
beam.

In the literature, examples of laser crystallization with fs laser pulses can be found [162]
as well as examples with ns laser pulses [164, 165, 166]. They were carried out with light
in the IR and UV range. The ns-laser annealing process was conducted at fluences ranging
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from 50 – 260 mJ/cm2 (see Tab. 4.3). When structuring large areas with a nanosecond laser,
partial cracks can appear, which may be due to thermal shock [166].

In both processing ways, it is important to distinguish between ultra-short pulses (ps and
fs) longer pulses (ns), as well as between high (MHz) and low pulse repetition frequencies.
Ultra-short pulses generally lead to smaller structures with better boundaries than longer
pulses because the laser energy cannot spread by energy dissipation into the layer during the
pulse. At low pulse repetition frequencies, the pulse energy can diffuse out of the irradiated
focus area before the next pulse arrives. In contrast, the energy at high pulse repetition
frequencies accumulates, which leads to a strong rise in temperature [90]. At low pulse
repetition frequencies the overlap rate of the laser exposure points have a large impact factor
on the outcome [165].

Table 4.3: Parameters used in the literature for ITO laser crystallization.

Laser Wavelength Pulse Length Threshold fluence Trench width Ref.
[nm] [ns] [mJ/cm2] [µm]

Nd:YAG 1064 72 120 - 260 – [165]
XeCl 308 15 100 – [166]
XeCl 308 35 50 - 250 – [164]

Ti:sapphire 800 100× 10–6 10 - 30 3 - 12 [162]
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4.1.2 Addendum I

The results of the first characterizations of ITO laser interaction are demonstrated in two
journal articles. The first is published 2012 in Optics Letters (Impact Factor: 3.292) and
presents the effect of oxygen content in reactivly sputtered ITO thin films on glass substrates
as a result of interaction with sub-15 femtosecond laser pulses in a line scan test. Second
publication is published in 2011 in Physics Procedia and gives the results of the first in-
vestigations.

Publication Nr. 1: Sub-100 nm structuring of indium-tin-oxide thin films
by sub-15 femtosecond pulsed near-infrared laser light

Authors: Maziar Afshar, Martin Straub, Henning Völlm, Dara Feili, Karsten König, and Helmut
Seidel

Accepted in Optics Letters (2011), DOI: 10.1364/OL.37.000563

Reprinted in PhD thesis by permission of the Journal.

Abstract: In magnetron sputtered indium-tin-oxide thin films of varying oxygen content,
nanostructures were formed using tightly focused high-repetition rate near-infrared sub-15
femtosecond pulsed laser light. At radiant exposure well beyond the ablation threshold, cuts
of 280–350 nm in width were generated. Illumination close to the ablation threshold resulted
in periodic cuts of typically 20 nm in width at periodicities between 50 nm and 180 nm, as
well as single sub – 20 nm cuts. Subthreshold exposure, in combination with hydrochloric
acid etching, yielded nanowires of 50 nm minimum lateral dimensions.
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In magnetron sputtered indium-tin-oxide thin films of varying oxygen content, nanostructures were formed using
tightly focused high-repetition rate near-infrared sub-15 femtosecond pulsed laser light. At radiant exposure well
beyond the ablation threshold, cuts of 280–350 nm in width were generated. Illumination close to the ablation
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Indium-tin-oxide (ITO), as one of the established trans-
parent conductive oxides, is used in many devices as
electrode material because of its transparency in the
visible spectral range and high reflectivity at infrared
wavelengths [1]. Vapor deposition of a few hundred nan-
ometers ITO is the standard method to produce ITO films
[2,3], and structuring by laser processing has largely re-
placed wet etching in recent years as the standard indus-
trial method [4,5]. Earlier studies on laser structuring of
ITO thin films showed a significant reduction of the
threshold fluence using nanosecond pulsed UV lasers
[6–8]. Femtosecond pulsed lasers further reduce collat-
eral and substrate damage due to the delayed electron-
phonon interaction, thereby providing an increase in
ablation efficiency compared to excimer lasers and
higher harmonics of Nd:YAG or Nd:YLF lasers [6–10].
In this Letter we report on subwavelength structuring

of ITO thin film layers using sub-15 fs pulsed high-
repetition rate near-infrared laser light in a wide range
of intensities above and below the ablation threshold.
Pulse peak intensities in the TW∕cm2 range at wave-
lengths below the absorption edge of ITO induce multi-
photon absorption processes that result in structure
dimensions below the optical diffraction limit. A mode-
locked Ti:sapphire laser system (Integral Pro 400, Fem-
toLasers, average power 400 mW, central wavelength
800 nm) generated 10 fs pulses at a repetition rate of
85 MHz, which were chirped by a group velocity disper-
sion precompensation unit in order to facilitate a pulse
length of 12 fs at the sample position. The beam was at-
tenuated and passed a pair of motorized wave plates con-
trolling its polarization. It was then deflected by two
galvanometric scan mirrors and entered an inverted mi-
croscope (Zeiss AxioObserver.D1), where it was focused
onto the sample by a Zeiss EC Plan Neofluar 40×, NA 1.3
oil immersion objective mounted on a piezoelectric ac-
tuator. In our experiments, we used linearly polarized

light at a maximum pulse energy of 300 pJ in the focal
spot. Polycrystalline ITO films of a thickness of approxi-
mately 150 nm were deposited on glass cover slips
(0.17 mm) by magnetron reactive DC-sputtering in a
Von Ardenne machine (type LS 730S) using an indium-
tin (90∶10) compound target. The deposition in the
Ar∕O2 plasma was optimized with respect to the crystal-
lographic structure and the optoelectrical properties of
the films. Three sorts of samples were produced with
2 sccm (ITO-2), 4 sccm (ITO-4), and 6 sccm (ITO-6) oxy-
gen corresponding to 3.3%, 6.6%, and 10% oxygen flow
ratio (total flow 60 sccm, chamber pressure 0.003 mbar).
The electrical and optical properties of this n-type wide
band gap semiconductor (Eg ! 3.5–4.1 eV [3,11,12])
strongly depend on the oxygen content. The samples fea-
tured a polycrystalline character in grazing incidence X-
ray diffractometry (XRD) analysis with a strong peak
from "222# crystal planes.

The surface morphology was studied by atomic
force microscopy yielding almost identical values of
rms-roughness for all three samples (Table 1). The
XRD-spectra were largely independent of the oxygen
concentration. By transmission and reflection UV-VIS-
spectroscopy (Cary 5000 spectrometer, Varian), the
optical properties of the ITO films were characterized.
Variation of the oxygen flow resulted in a minor shift
of the absorption edge from 420 nm (ITO-2) to 450 nm

Table 1. Oxygen Flow ratio, Surface Roughness
(Rrms), and Electrical Resistivity (ρ) with
Temperature Coefficient (α) as Measured

for ITO-2, ITO-4, and ITO-6

O2(%) Rrms(nm) ρ"10−4Ωcm) α"10−3 K−1#

3.3 0.516 4.37 1.3
6.6 0.531 14 1
10 0.584 200 5
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(ITO-6), while absorption at the laser wavelengths was
negligible. Thus, two- and possibly three-photon absorp-
tion dominates over single-photon absorption [13].
The ITO films were illuminated throughout the whole

layer with different scan parameters. The average focal
power varied between 13.5 and 25.5 mW. At each inten-
sity, the scan speed was varied between 11.5 and
185 μm∕s. Scanning electron microscope (SEM) images
revealed three different regimes of structure formation:
totally ablated grooves, ablated periodic cuts, and struc-
tural modification at exposure levels below the ablation
threshold (Fig. 1). In Fig. 1(b)-1, three different morphol-
ogies can be identified: region “O” corresponds to the
original as-grown surface with fine grains. Region “M” in-
dicates a modified region around the central beam region
“A” of periodic or total ablation.
We studied the relationship between structural proper-

ties and the conductivity of the films. The film conductiv-
ity was examined by four point measurements. As
expected [14], the electrical resistivity (ρ) increases with
oxygen content (Table 1). In tin-doped indium oxide, tin
atoms replace the In3$ ions establishing bonds to the
oxygen atoms as Sn2$ or Sn4$. The latter act as electron
donors and in combination with oxygen vacancies aug-
ment the conductivity [11,12]. Thus, the high electrical
conductivity is due to a high carrier density rather than
charge mobility, which is relatively low because of scat-
tering processes [5]. In metals, thermal and electrical
conductivity are related by the Wiedemann–Franz law
[15], as free carriers transport both electric current

and heat. Therefore, we measured the temperature coef-
ficient of the electrical resistance (α). All three samples
have a positive α (Table 1) in the range of metals [16]. The
slightly higher value of ITO-2 compared to ITO-4 may be
due to differences in grain size and film thickness [12].
According to their resistivity and oxygen content, ITO-
2 and ITO-4 are highly degenerate with carrier densities
above 1020 cm−3 [17]. Thus, thermal conductivity is a
combination of free electron and phonon contributions
with a decrease of about 30% from ITO-2 to ITO-6 [17].
As the phonon contribution to the thermal conductivity
is constant (3.95 W∕mK [17]), mainly the electronic con-
tribution varies. Within the total ablation regime, the
threshold fluence depended on the conductivity of the
layer. In ITO-2, total ablation at a constant scan speed of
11.5 μm∕s required an average power of more than
25.5 mW, whereas 22 mW in ITO-4 and 18 mW in ITO-
6 were sufficient. According to Table 1, an increase of
the electrical resistivity of about 0.02 Ω cm corresponds
to a decrease of 30 mJ∕cm2 in the threshold fluence, in-
dicating a drop in the energy required to reach the abla-
tion threshold temperature.

In the total ablation regime, the groove-width depends
on the radiant exposure (Fig. 2(a)). In ITO-2, only at low-
est scan speeds could grooves be generated at an average
width of 270 nm. At intensities below the threshold of to-
tal ablation, periodic cuts are observed in each of theFig. 1. (a) Grooves in ITO2 (a1), ITO4 (a2), and ITO6 (a3).

(b) Periodic cuts in these samples. Three different regions
are identified by “O” (original layer), “M” (modified region),
and “A” (ablated region). (c) Magnified SEM images of periodic
cuts.

(a)

(b)

Fig. 2. (Color online) (a) Width of grooves and (b) periodicity
of cuts versus scan speed.
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films. In recent years, several theories have been devel-
oped to explain the universal phenomenon of laser
induced periodic surface structures (LIPSS) on bulk
semiconductors in the form of low-spatial frequency as
well as high-spatial frequency structures [18–20]. Low-
spatial frequency structures are observed in almost
any material, but high-spatial frequency structures have
been observed exclusively for laser pulse durations in the
pico- and femtosecond range at fluences typically below
the single-pulse ablation threshold [18–24].
The structures in our ITO films are large cuts through

the whole layer at periodicities well below those known
from bulk materials. These periodic cuts are perpendicu-
lar to the polarization direction of the laser light. The low-
est periodicity observed is 50 nm (λ∕15), and the width of
cuts is between 10 and 20 nm.
The periodicity depended on the scan speed, but dif-

fered between the samples (Fig. 2(b)). However, we
did not study the influence of the layer thickness (ITO-
2: 150 nm; ITO-4: 120 nm; ITO-6: 130 nm). At a polariza-
tion perpendicular to the scan direction, single cuts of
width 20 nm were generated using intensities extremely
close to the ablation threshold (Fig. 3(c)). However, they
were limited in length to a few micrometers, possibly due
to local inhomogeneities.
Although modified regions reveal a different texture in

SEM images such as Fig. 1(b)-1, transmission electron
microscopy combined with energy dispersive X-ray spec-
troscopy showed a higher degree of crystallinity at al-
most the same composition. A subsequent etching step
in 37% hydrochloric acid (HCl) as a standard etchant
of ITO [25] showed that the modified regions are more
resistive against HCl and hence remain, whereas the
original layer material is removed. This phenomenon

was exploited for direct laser writing of ITO structures.
Figure 3(a) demonstrates microwires of 250 nm in width,
and minimum lateral dimensions down to 50 nm were
achieved (Fig. 3(b)). Figure 3(d) shows extended modi-
fied regions surrounding an ablated groove after etching.
The processed wires may be used as nanowaveguides in
electro-optical and as nanoresonators in electromechani-
cal chips.
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across a predefined area. In indium tin oxide films periodic parallel cuts as well as single
sub–20 nm cuts were generated at pulse energies less than 0.3 nJ. Nanowires of 150–300 nm
in diameter were fabricated by laser annealing and subsequent hydrochloric acid etching.
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Abstract 

High-repetition rate sub-15 fs pulsed near-infrared laser light facilitates production of self-assembled nanostructures on surfaces 
of crystalline silicon and in thin indium tin oxide films. Ripples at a periodicity of 130 - 140 nm as well as random nanopore 
arrangements were induced on Si(100) surfaces by scanning a high-numerical aperture focal spot in water across a predefined 
area. In indium tin oxide films periodic parallel cuts as well as single sub-20 nm cuts were generated at pulse energies less than 
0.3 nJ. Nanowires of 150 - 300 nm in diameter were fabricated by laser annealing and subsequent hydrochloric acid etching. 

Keywords: sub-15 fs laser pulses; sub-100 nm structures; crystalline silicon, indium tin oxide; self-organization, surface ripples; nanowires 

1. Patterning of surfaces and thin films by high-repetition rate sub-15 femtosecond pulsed laser light 

Laser material processing such as cutting, drilling, welding, soldering, or polishing relies typically on high-power 
lasers such as continuous wave CO2 or pulsed Nd:YAG lasers and, hence, on thermal processes which result in large 
melted zones due to massive heat diffusion [1]. In contrast, ultrashort pulsed lasers can produce extremely fine 
structures, as electronic excitation faster than the heat transport by lattice vibrations allows for optimum 
concentration of energy and spatial limitation of ablation. Moreover, nonlinear processes such as multiphoton 
absorption can be triggered by high focal peak intensities. Thus, structures of controlled shape and size can be 
manufactured at sub-wavelength resolution by scanning the focal spot of a high-numerical aperture objective along 
arbitrary pathways. Even finer features of sub-100 nm size can be generated from self-organization processes which 
require intensities near the threshold of material change. Self-assembly of periodic ripples on silicon surfaces has 
been under scrutiny since many decades [2-15], but ripple periodicities of 100 nm or below were investigated 
intensively only in recent years as their generation requires femto- or picosecond pulsed laser light [8-15]. By high-
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resolution laser scanning such self-organized nanostructures can be produced in targeted areas of sub-micron size. 
Here, we study the formation of rifts and ripples on Si(100) surfaces, which were generated at periodicities of 130 - 
140 nm by tightly focusing high-repetition rate 12-fs pulsed Ti:sapphire laser light onto the samples. We also exa-
mine random nanoporous surface structures, which were established at fluences well beyond the ablation threshold.  

Precise ablation as well as modification of indium tin oxide (ITO) by laser illumination is of high importance, as 
ITO is a transparent conductor, which is frequently used as electrode material in electronic displays [16-22]. Using 
sub-15 fs pulsed laser light cuts were generated in thin ITO films ranging in size from a few 100 nm down to less 
than 20 nm. We also produced self-assembled arrangements of periodic parallel cuts. At lowest exposure levels 
traces were scanned in the ITO films which were converted into nanowires of 150 - 300 nm in diameter by 
subsequent etching with hydrochloric acid. Our article demonstrates that sub-15 fs pulsed near-infrared laser light 
facilitates the efficient manufacture of a large variety of sub-micron and even sub-100 nm structures from materials 
of high technological relevance. 

2. Experimental 

Figure 1 presents the setup for nanostructure formation by 12-fs pulsed laser light. Pulses from a FemtoLasers 
Integral Pro 400 mode-locked Ti:Sapphire laser (centre wavelength 800 nm, pulse length10 fs, repetition rate 
85 MHz) are pre-chirped in a pre-compensation unit. The attenuated beam is redirected by a galvanometric scanner 
and expanded by a telescope (JenLab GmbH, Jena, Germany). In the inverted microscope (Zeiss AxioObserver.D1) 
it is focused onto the sample by a Zeiss EC Plan Neofluar 40x, NA 1.3 oil immersion objective mounted on a 
vertical piezoelectric translation stage (piezosystem jena GmbH). 

The inset of Figure 1 illustrates the arrangement of samples on the microscope. Si(100) samples were structured 
with water on the surface in a line scan mode (focal power 24 mW, scan speed 150 μm/s, 20 repetitions/line, scan 
direction: <110>) or an area scan mode (focal power 7.8 - 14.0 mW, area processing speed 0.67 - 230 μm2/s) using 
linearly polarized light of varying direction. Before and after removal of silicon dioxide by hydrofluoric acid etching 
(6% HF in water, duration 3 min) the samples were examined in by scanning electron microscopy (SEM) in an FEI 
Helios NanoLab DualBeam 600 SEM/FIB workstation which also facilitated energy-dispersive X-ray spectroscopy 
(EDX). In addition, slices were cut perpendicular to the Si(100) surface by focused ion beam (FIB) milling and 
analysed by transmission electron microscopy (TEM). 

Polycrystalline ITO films at thicknesses of approximately 150 nm were deposited by reactive direct current 
sputtering (Von Ardenne GmbH, Dresden, type: LS 730 S) at a pressure of 0.003 mbar in an Ar/O2 plasma and 
optimized with respect to their crystallographic structure. X-ray diffractometry analysis showed a strong (222)-peak 
for films sputtered on glass coverslips, which were then mounted onto a special object carrier. Atomic force 
microscopy analysis yielded a surface rms-roughness of 5 nm. The samples were illuminated from the back side 
through the coverslips. Single lines were scanned at a focal power of 13.5 - 25.5 mW varying the direction of 
polarization. Scan times ranged from 12 ms to 3 s. Above-threshold fluences were used for material ablation, 
whereas films were modified at sub-threshold fluences. ITO nanowires evolved from the annealed regions on 
etching the films with hydrochloric acid (37% HCl at 25°C). 
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Figure 1. Setup for nanostructure formation by high-repetition rate sub-15 fs pulsed near-infrared laser light. Pulses are pre-chirped in a precom-
pensation unit, pass an attenuator and are scanned across the sample by a galvanometric scanner. Inset: The laser light is focused onto the sample 
via a high-numerical aperture oil immersion objective. Silicon samples are mounted on an object carrier and exposed with a thin film of water on 
their surface, whereas ITO films are scanned through the coverslips which they were deposited on.      

Figure 2. (a) Laser-induced line structure on Si(100) surface before hydrofluoric acid etching. The line trace is covered by oxide particles; (b) The 
same trace after HF etching reveals rifts at a period of 130 nm. The rifts are perpendicular to the laser polarization; (c) TEM image of a FIB 
section through periodic rifts generated at near-threshold intensity; (d) SEM image of Si(100) surface rift patterns; (e) At slightly more intense 
illumination the rifts widen and expand across an increasingly large surface area.    
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3. Results and discussion 

Line structures as well as planar structures were produced on Si(100) surfaces. As the structures were generated 
with water on the silicon surface, a major fraction of the ablated material was oxidized during ejection from the 
exposed area. Figure 2(a) shows the SEM image of a scanned line trace which is completely covered with small 
particles. EDX measurements suggest that they are mainly formed from silicon dioxide, as the oxygen K -line 
exceeds the Si-K  emission line in intensity [15]. Figure 2(b) shows the same scanned line trace after removal of the 
oxidized material by hydrofluoric acid etching. The SEM image reveals parallel rifts in the silicon surface along the 
edge of the trace at a period of approximately 130 nm. The rifts are oriented perpendicular to the polarization of the 
infrared laser beam, which was linearly polarized at an angle of 23° with respect to the line direction.  In the central 
area of the trace a random nanoporous surface structure is observed (not fully resolved), which is characteristic for 
surface regions exposed to intensities well beyond the ablation threshold.  

The same features result from area scans. At near-threshold intensities Si(100) surfaces are patterned densely 
with tiny rifts at an average spacing of 130 - 140 nm. While Figure 2(d) presents an SEM top view image, the TEM 
image in Figure 2(c) of a FIB section through such a surface reveals that the rifts are 20 - 50 nm wide and 50 - 70 
nm deep. The bright spots in the SEM image indicate particles which mainly consist of silicon. For slightly higher 
fluences the rifts widen and consume an increasingly large area of the surface. Figure 2(e) displays such a more  

Figure 3. (a) Silicon surface ripples generated at near-threshold intensity (FIB section, TEM transmission image); (b) SEM top view of the 
periodic ripple arrangement. The ripples are perpendicular to the laser polarization; (c) nanoporous silicon surface generated at a focal intensity 
well beyond the ablation threshold (FIB section, TEM transmission image); (d) SEM top view of the nanoporous surface structure.

advanced stage in the self-assembly of a periodic surface structure. In some areas rifts are broad and already start to 
turn into a nanoporous arrangement, whereas other parts of the silicon surface are still unchanged. Figure 3(b) shows 
periodic ripples on the Si(100) surface, which were generated on further increase of the fluence. Under these 
conditions rifts widened to an extent that ripple patterns cover the entire surface.  The TEM image of a FIB section 
through this sample [Figure 3(a)] demonstrates that the ripples are 20 - 40 nm in width and approximately 70 nm in 
height. The average spacing between the ripples is 140 nm. In agreement with the orientation of rifts ripples are 
oriented perpendicular to the polarization. On increase of the fluence to values well beyond the ablation threshold 
ripple patterns disappear, and a random nanoporous structural arrangement is established. Figure 3(d) shows an 
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example of such a surface structure. Structural elements typically have a width of 20 nm or beyond and are 
elongated in the direction of polarization. We call this structure nanoporous, as structural elements are arranged on 
the surface in a way that tiny pores of less than 20 nm in diameter are generated between as well as underneath 
them. The transmission electron image of the FIB section through such a surface is shown in Figure 3(c). The TEM 
image unambiguously demonstrates the existence of sub-20 nm pores at the surface. However, the exact size, their 
length, as well as the direction of the pores are largely uncontrolled.

Indium tin oxide films were structured from the back side of the glass substrate throughout the whole layer. At 
intensities well beyond the ablation threshold straight cuts of a size of 250 - 500 nm were generated dependent on 
the scan speed. Figure 4(a) shows an SEM image of a cut which was produced in a single-line scan at an average 
focal power of 24 mW and a scan speed of 200 μm/s. The width of the ablated line trace is modulated at a period of 
approximately 215 nm. Some debris appears on the surface due to processing under atmospheric pressure, which can 
be removed in a subsequent cleaning step. Figure 4(b) plots the dependence of the average width of cuts on the scan 
time required to generate a cut of 35 μm in length with the laser polarization perpendicular to the scan direction 
(focal power 24 mW). At near-threshold intensities much finer cuts were generated periodically at an orientation 
close to the polarization direction. Figure 4(c) shows an example of such a self-assembled array of cuts, which was 
produced by single-line scans in two orthogonal scan directions. The cuts feature an average structural periodicity of 
70 nm with their width ranging down to below 20 nm. They overlap perfectly at the crossing of scanned lines. 

               

Figure 4. (a) SEM image of a cut in an ITO film on glass. The polarization was perpendicular to the scan direction; (b) Width of cuts generated at 
an average focal power of 24 mW as a function of the scan time (polarization perpendicular to scan direction). (c) SEM image of periodic cuts 
obtained by two orthogonal line scans with polarization nearly parallel (vertical line) and perpendicular (horizontal line) to the scan direction, 
inset: periodic cuts in ITO-film as seen in TEM image of FIB section perpendicular to the scan direction; (d) SEM image of a single cut of sub-
20 nm width generated at an intensity of 19.5 mW.  
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SEM analysis of focused ion beam sections through some cuts revealed vertical walls across the entire layer 
down to the substrate [inset of Figure 4(c)]. A single-cut regime is observed for slightly less intense illumination. 
Under these conditions single cuts of an average width of less than 20 nm can be produced. Figure 4(d) shows an 
example of such a cut, which was generated at an average focal power of 19.5 mW applying a scan speed of 
290 mm/s.  

On reduction of the intensity below the ablation threshold the exposed areas of the polycrystalline ITO films are 
transformed into a different phase which is more resistive against etching in hydrochloric acid. This modified region 
appears in SEM images as a contrast (not shown). The SEM micrograph of Figure 5(a) shows a section of a line 
trace generated at an intensity of 17 mW and a scan speed of 47 μm/s, which emerges as a 300 nm wide nanowire 
after etching in hydrochloric acid. The width of the nanowires can be minimized down to the grain size of ITO. 
Figure 5(b) shows the SEM image of four traces of about 150 nm in width, which were produced at a higher scan 
speed of 350 μm/s with the polarization close to the scan direction. In Figure 5(c) the magnified section of the third 
trace demonstrates that the narrowest nanowires consist of a chain of ITO grains. It was verified by energy 
dispersive X-ray spectroscopy analysis (not shown) that the film composition remains unchanged by the laser 
illumination. Further studies are required to investigate the electrical and mechanical properties of the ITO 
nanowires. 

Figure 5. (a) SEM image of a 300 nm wide nanowire generated at 17 mW focal power (scan speed 47 μm/s) and subsequent etching in HCl; (b) 
Sequence of traces illuminated at lower fluences followed by a short etch; (c) SEM image of a 150-nm nanowire consisting of a chain of ITO 
grains recorded at higher magnification [see black arrow in panel (b)]. Nanowires were produced with the polarization close to the scan direction. 

Self-assembly of nanostructures by high-intensity laser light is generally described as a process in which laser-
induced changes of material properties modify the effective intensity distribution, which then induces further 
material change. The generation of a laser plasma is a complex process which has been the subject of intense 
research during the past decades [23]. Laser ablation frequently involves avalanche ionization, as electrons in the 
conduction bands are accelerated by the electrical field of the laser light and collide with valence band electrons. 
Thereby, plasma of increasing density is generated which absorbs the laser pulses completely within an extremely 
small volume, as the plasma frequency approaches the laser frequency. The plasma density and dynamics result in 
the observed ablation patterns. Charge carriers that seed the avalanche ionization can be generated in silicon by 
single-photon absorption due to its band gap of 1.1 eV, whereas in ITO the high dopant electron density can be 
exploited possibly assisted by multiphoton excitation of carriers from the valence band.

Our results demonstrate that sub-15 fs pulses facilitate material ablation from silicon surfaces and ITO films at 
extremely low average intensities due to optimum confinement of excitation. Sub-100 nm and even sub-20 nm 
structural features were readily generated. We point out that cuts of a width of the order of 10 nm by far exceed the 
precision which is currently achieved both in mechanical and conventional laser material processing. The potential 
to generate extremely fine cuts is also of utmost importance for applications in biology and medicine such as laser 
transfection of cells and nanosurgery [24-27].  Conducting nanowires may find applications in microelectronics, 
sensor technology, and microoptics as well as microoptoelectromechanical systems. Periodically nanostructured and 
nanoporous surfaces with unusual optical, mechanical, and electronic properties may enable biomedical applications 
such as novel cell substrates as well as technical applications. In conclusion, sub-15 fs pulsed high-repetition rate 
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near-infrared laser light appears to be a highly useful processing tool, which promises the efficient manufacture of 
surface features of the order of 100 nm or below in a wide variety of materials.   
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4.2 Simulation Based Application Design

After the first successful experiments on the interaction of sub-15 fs laser pulses (85 MHz
repetition rate) with sputtered ITO layers on glass and after an optimization of structures,
several ideas for different applications came up. The periodic nanocuts were applied to ITO
bioelectrodes to modify the surface and to change their impedance. ITO crystallization via
laser writing was applied to generate nanowire gas sensors with self-heating effect. Such
nanowires were also realized as freestanding structures, which can be applied for different
applications. These three ideas and the principles of each application are shortly introduced
in this Chapter.

The finite element method (FEM) was used to model the functionality of the elements and
to optimize the geometrical dimensions of the design with respect to the expected physical be-
havior. FEM is a numerical method for solving partial differential equations and is commonly
used in the development of MEMS and NEMS. It is based on breaking a model into a finite
number of domains (meshing), which are interconnected via continuity equations concerning
the physical properties under inspection. The differential equations are then solved for the
respective meshed elements in a continuous way. Direct solution methods, such as Gaussian
elimination, can be used with a relatively small number of elements. However, in general,
iterative methods are used, asymptotically approaching the solution of the whole system.
The advantage of FEM compared to other numerical methods is its broad applicability and
accuracy. The division into elements is done by cross-linking (meshing) of the system. This
procedure is usually done by an automated algorithm that is already implemented in the
FE-software. However, the user can influence the shape of the network. As can be expected,
a finer mesh generally improves the quality of the simulation results at the cost of increasing
computation time and performance. Several FEM software packages are available. In this
work COMSOL Multiphysics was used.

A model for the FE-simulation is generated gradually. First, the physics needs to be
determined, that is, what physical parameters are to be simulated in the model. The geometry
can then be set up either directly in COMSOL Multiphysics or it can be imported from a
finished CAD model. Next, material properties must be attributed to each component,
representing a domain. COMSOL Multiphysics already contains the physical parameters
of many materials, but they can also be changed and entered manually, if necessary. The
next important step is setting up the boundary conditions, without which the differential
equations cannot be solved. The meshing (cross-linking) of the model is possible by different
methods. In COMSOL Multiphysics a network in tetrahedral shape is selected by default,
based on the physics of the model. It is also possible to generate a sweep mesh, wherein
the surface is cross-linked, and the network elements are parallel in the third dimension,
which can favorably be used for thin layers. The numerical solver is automatically selected
from COMSOL Multiphysics. In general, it is an iterative solver for larger three-dimensional
simulations. In this work, FE-simulations were particularly used for determining the following
points:



84 4 From ITO Laser Nanostructuring to Applications

• electrical field simulations on the nanostructured ITO electrodes and their passivation
effect using SU8 layer

• relationship between the measured voltage and the resulting Joule heating of the
nanowire in gas sensors.

• time dependent thermoelectrical and mechanical simulations for the freestanding ITO
nanowires.
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4.3 On-Chip Nanostructuring and Impedance Trimming of
ITO electrodes

4.3.1 Introduction

The electrodes play a crucial role in biomedical applications. They act as an interface
between the electronic circuitry and the biological medium and connecting the electron con-
ductive system to the ionic conducting system. Bioelectrods are typically used for stimulation
or biosignal sensing. Reducing the impedance of the electrode improves the signal to noise
ratio in sensing mode and reduce the required potentials for stimulation mode. Biosignals
are in the range of millivolts to microvolts. Therefore, a low impedance electrode is required
to achieve a satisfactory signal to noise ratio. Furthermore, to stimulate an organ or a cell,
certain current density is needed and if the electrode has high impedance, higher potential is
required, which could lead to chemical reaction between electrode and electrolyte and pro-
duce toxic compounds. Smaller stimulation voltage enhances the energy coupling at working
frequencies and avoids toxic reactions at electrode-electrolyte interface [167].

Phase boundary: capasitive
coupling and charge transfer

Electronical signal
(electrons)

Bioelectric signal
(ions)

Hardware Bioware

Figure 4.2: Schematic diagram of a biomedical electrode.

Nowadays the bioelectrodes are used for in vivo and in vitro applications. For all these
applications the bioelectrodes must satisfy certain requirements. Most importantly, they
must be biocompatible and biostable. In the literature, structural biocompatibility is often
distinguished from surface biocompatibility. Structural biocompatibility includes the com-
patibility of the bioelectrode with the biomechanical properties of target organ, tissue or
cell. Surface biocompatibility describes the physical, chemical, biological and morphological
interactions between the surface of the bioelectrode and the biological material. Non-toxicity
is a key requirement of biocompatibility.

Multielectrode arrays (MEA) are a special and common form for electrodes in biomedical
engineering. In general, a MEA is considered as an array of electrodes. MEAs are used both
for stimulation and for recording electrical activity of biological cells. These electrodes are
produced in both planar (2D) and 3D format. Planar electrodes are mostly used for in vitro
tests. The cells cover the electrode surface completely or only partially. In this way isolated
single cells can be examined.
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Typical electrode materials are metals (Au, Pt), carbon (graphite), and semiconductors
(Si, indium-tin-oxide). Ion-conducting electrolytes are mostly solutions of dissolved H+, Na+,
Cl– ions in aqueous or non-aqueous solutions.

At the phase boundary a potential difference between the electrode and the electrolyte
can be observed. Ions from the electrolyte phase adhere to the electrode surface and form
a so-called "Helmholtz" double layer. This double layer can be subdivided into an inner
Helmholtz layer formed by partially solvated ions adhering directly to the surface and into
an outer Helmholtz layer formed by totally solvated ions. Because of this charge distribution,
the double layer is like a capacitor with a large capacity [168]. In Fig. 4.3 the Helmholtz
model of the double layer is shown schematically.

The capacitance per unit area (specific capacity) according to the Helmholtz model is
calculated for planar electrodes according to [169]:

CHelmholtz =
ε0εr
H , (4.1)

with ε0 and εr the free space and relative permittivity of the electrolyte solution, and H the
thickness of the Helmholtz double layer. H can be approximated by the radius of the solvated
ions.

Gouy and Chapman developed a model that takes the mobility of the ions in the electrolyte
into account. Due to diffusion processes and electrostatic forces between the ions, a diffuse
double layer (Gouy-Chapman layer) is defined. The equilibrium concentration of the ions is
defined by the Boltzmann distribution [169] and can be described by the Poisson-Boltzmann
equation [169]:

∆ · (ε0εr∇ψ) = 2zeNAc∞sinh( zeψkBT
), (4.2)

with z the valency of the ions, e the elementary charge, NA the Avogadro constant, c∞
the molar concentration of ions in the electrolyte solution, λD the Debye length, ψ the
local electric potential in the diffuse layer, kB the Boltzmann constant, and T the absolute
temperature. A schematic representation of the Gouy-Chapman model and the potentials
according to Eq. 4.2 can be seen in Fig. 4.3.

From Eq. 4.2, the specific capacity of the diffuse double layer for a planar electrode is
obtained by [169]:

CDiffus =
4zeNAc∞λD

ψD
, (4.3)

for symmetric electrolytes λD = (ε0εrkBT)/(
√
2e2z2NAc∞).
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Figure 4.3: Schematic representation of the different models for the description of the electrochem-
ical double layer at the phase boundary electrode/electrolyte. In addition, the trend
of potentials is shown [169].

Stern made a combination of the Helmholtz model adhering to the surface of the electrode
and the diffuse Gouy-Chapman model. Therefore, the potential in the electrochemical double
layer can be expressed as [169]:

∇ · (ε0εr∇ψ) =

0 in the Stern layer,
2zeNAc∞sinh( zeψkBT) in the diffuse layer.

(4.4)

Due to a finite size of ions and their arrangement, the Poisson-Boltzmann equation can be
modified with "packing parameters" ν = 2c∞

cmax
, where cmax is the maximum ion concentration,

which is calculated assuming a cubic arrangement of the ions with a diameter of cmax = 1
NAa3

.
Hence, the specific double layer capacitance can be calculated as follows [169]:

C = 2zeNAc∞λD
ψD

√
2
ν
log〈1 + 2νsinh2( zeψD2KBT

)〉. (4.5)

The charge transport in and through the phase boundary is limited by various charge
transfer mechanisms, which can be divided into three types.

• Non-faradaic current by low voltages and small amount of charge occur through a
charge reversal in boundary layer and with a very low charge penetration.

• Faradaic current by redox reactions and tunneling (charge transfer) of the generated
electrons through the boundary layer into the electrodes.

• Faradaic current by redox reactions as a discharging of electrons from the adsorbed
electrolyte ions on the surface of the electrodes into the electrodes.

The ions in the electrolyte which are involved in the charge transfer at the phase bound-
ary are subject to diffusion processes at the electrode surface. At higher frequencies, these
diffusion processes hardly affect the electrode impedance, because the sign of the currents
permanently changes [168].
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A number of processes takes place at the electrode-electrolyte interfaces. The formation
of the electrochemical double layer, the redox reactions, and diffusion influence the electrical
properties of the electrode and in particular its impedance. These processes depend on the
surface properties of the material and the geometry of the electrodes. Using an equivalent
circuit provides a modeling of electrical properties of the electrode to obtain the effect of
various electrochemical processes on the impedance. The modeling is an important step to
characterize the properties of each electrode and to compare it with other electrodes.

Equivalent circuits are a very important and useful tool for impedance spectroscopy. In
the last century various models of equivalent circuits were applied [151]. One well-known
model, which is frequently used for a variety of electrodes is given by Randles as shown in
Fig. 4.4.

CP

Rct

Rl

ZW

Figure 4.4: Randles model as an equivalent circuit for characterization of electrochemical processes
at electrodes.

In this model Rl represents the resistance of the electrolyte solution, which determines
the charge transport in the solution between the electrodes. Since the charge transport in
electrolyte solutions is ionic, solvated ions have to be transported through the solution to
the electrodes. This transport process can be characterized by an ohmic resistance. The
phase boundaries capacity Cp describes both the behavior of the electrochemical double
layer and all reversible redox reactions that take place at the electrode electrolyte inter-
face. The charge-transfer resistance Rct describes the irreversible redox reactions and the
associated current through charge exchange. Zw represents a Warburg element or Warburg
impedance, describing the diffusion processes of the reactants and reaction products to and
from the electrodes at low frequencies (typically below 1Hz). The expression for the Warburg
impedance results from the solution of the diffusion equations for the semi-infinite space with
σ as Warburg-coefficient [149, 150, 151, 168, 170]:

Zw = σω–
1
2 (1 – j),σ = RT

n2F2
√
2
〈 1
cred
√
Dred

+ 1
cox
√
Dox
〉. (4.6)

where cj is the molar concentration of each ion in solution. Only at very low frequencies
a major influence of the Warburg impedance is expected. The behavior of the Warburg
impedance at high frequencies can be explained due to the fact that the diffusion of the
reactants is negligible, since the currents permanently change sign and direction [168].
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In addition to R, C, and L elements, the equivalent circuits can be extended with the
constant phase element (CPE), describing non-linear processes and dispersion effects of the
double layer capacitance [170]. They help for describing processes which are affected by the
surface roughness and chemical inhomogeneity at the surface. In general, the impedance of
such CPEs is defined as follows [170]:

ZCPE = K(jω)–β , (4.7)

with j =
√
–1, K the impedance value, ω the frequency, and β a value between 0 and 1. β = 0

makes an ideal resistor behavior with the value K. β = 1 makes an ideal capacitor behavior
with a capacity of K–1. β between 0 and 1 makes the CPE like a "leaking capacitor" [152].
It means that the parameter β is related to the particular surface condition of the electrode
[171]. This shows where the name constant-phase element finds its origin. Only its value is
frequency dependent, as the phase remains constant and is only β.
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4.3.2 Addendum II

Nanopatterning of ITO multi-electrode arrays (MEAs) was carried out on thin glass sub-
strates by applying coherent periodic sub-20 nm cuts induced by sub-15 femtosecond laser
pulses 2.

ITO is used as electrode material because of its excellent properties, which allow simulta-
neous optical (differential interference contrast microscopy) and electrical (impedance spec-
troscopy) measurements on living cells. In this Section the fabrication technology of ITO
multi-electrode arrays (MEAs) is presented . Furthermore a nanopatterning method with
high repetition rate Ti:sapphire sub-15 femtosecond laser pulses is used to improve cell stick-
ing and growth and trim the electrode impedance.

The results are published 2015 in Applied Surface Science (Impact Factor: 2.735). The
laser nanopatterning is the last step after fabrication process of SMD bonded chips.
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Abstract: In this work, the effect of laser-induced nanostructuring of transparent indium
tin oxide (ITO) electrodes on flexible glass is investigated. Multi-electrode arrays (MEA) for
electrical and optical characterization of biological cells were fabricated using standard MEMS
technologies. Optimal sputter parameters concerning oxygen flow, sputter power and ambient
pressure for ITO layers with both good optical and electrical properties were determined.
Afterwards, coherent sub – 20 nm wide and 150 nm deep nanocuts of many micrometers in
length were generated within the ITO electrodes by a sub-15 femtosecond (fs) pulsed laser.
The influence of laser processing on the electrical and optical properties of electrodes was
investigated. The electrochemical impedance of the manufactured electrodes was measured
before and after laser modification using electrochemical impedance spectroscopy. A small
reduction in electrode impedance was observed. These nanostructured electrodes show also
polarizing effects by the visible spectrum.
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a  b  s  t  r  a  c  t

In this  work,  the  effect  of laser-induced  nanostructuring  of transparent  indium  tin  oxide  (ITO)  electrodes
on  flexible  glass  is  investigated.  Multi-electrode  arrays  (MEA)  for electrical  and  optical  characterization
of  biological  cells were  fabricated  using  standard  MEMS  technologies.  Optimal  sputter  parameters  con-
cerning  oxygen  flow,  sputter  power  and  ambient  pressure  for  ITO  layers  with  both  good  optical  and
electrical  properties  were  determined.  Afterwards,  coherent  sub-20  nm  wide  and 150  nm  deep nanocuts
of many  micrometers  in  length  were  generated  within  the  ITO  electrodes  by  a sub-15  femtosecond  (fs)
pulsed  laser.  The  influence  of  laser  processing  on  the electrical  and  optical  properties  of electrodes  was
investigated.  The  electrochemical  impedance  of  the manufactured  electrodes  was  measured  before  and
after laser  modification  using  electrochemical  impedance  spectroscopy.  A small  reduction  in electrode
impedance  was  observed.  These  nanostructured  electrodes  show  also  polarizing  effects  by  the  visible
spectrum.

© 2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction

In many medical applications, bio-electrodes are used as the
connecting element between a technical system and the biological
material. They establish an interface between an ion-conducting
biological system and an electronically conducting circuitry, being
responsible for the charge transfer from one system to the other.
Prominent examples of such electrodes are the pacemaker and
the cochlea implant [1]. For a good signal-to-noise ratio (SNR),
the electrode impedance must be as small as possible [2]. This
applies to electrodes for stimulation and for recording. For the
stimulation of neurons or muscle cells, a certain current density
is required to induce the depolarization of the cell membrane.
In order to obtain this current density, electrodes with larger
impedance require higher voltages. This can lead to irreversible
electrochemical reactions on the electrode material, which could
induce electrode corrosion and cytotoxic reactions. Measurement
electrodes, which record bioelectric signals from cells, should also
have low impedance. Cardiomyocytes generate signals in the mV
range and neurons down in the �V range. A method to reduce the

∗ Corresponding author.
E-mail address: m.afshar@lmm.uni-saarland.de (M.  Afshar).

electrode impedance is to increase the effective surface of an elec-
trode by creating a micro-rough, fractal surface structure and by
improving its electrochemical properties. The use of near-infrared
(NIR) fs-laser pulses provides the possibility of nanoprocessing
inside the bulk without destructive effects at the surface.

Indium tin oxide (ITO) is used as electrode material because of
its excellent properties, which allow simultaneous optical (differ-
ential interference contrast microscopy) and electrical (impedance
spectroscopy) measurements on living cells. ITO in a typical
composition is a transparent conducting oxide with a wide opti-
cal band gap and a highly degenerate electrical conductivity. It
has numerous applications in display technologies, in organic
light emitting diodes (OLEDs), in photovoltaics and even in sen-
sors [3–6]. ITO is doped In2O3, which can be sputtered from
metallic and oxidized targets. In this article, we  report on the
fabrication technology of ITO multi-electrode arrays (MEAs) and
their nanopatterning with a femtosecond laser to trim their
impedance.

Multi-electrode arrays (MEAs) of various radii are fabricated on
glass substrates with an SU-8 passivation layer. The electrical inter-
connections are made of gold and the chips are connected to a board
with surface mounted device (SMD) technology. With a sealed glass
ring, a measurement cell was  fabricated. The laser nanopattern-
ing is the last step in the fabrication process of the device. The

http://dx.doi.org/10.1016/j.apsusc.2015.10.119
0169-4332/© 2015 Elsevier B.V. All rights reserved.
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Fig. 1. (a) Wafer design of the arrays, (b) Clewin design of a multielectrode array. Lime green shows ITO structures, dark green shows the holes of the SU-8 passivation layer,
and  the red lines depict the gold wires. (For interpretation of the references to color in this figure legend, the reader is referred to the web  version of this article.)

Fig. 2. (a) XRD graph of the ITO layer before and after one hour annealing in air at 400 ◦C, (b) optical transmission spectrum of the layer before and after annealing.

Table 1
Electrical properties of the sputtered ITO layer before and after annealing.

R� [�/�] � [� cm]  N [cm−3] � [cm2/Vs]

Sputtered ITO 17.74 2.66 × 10−4 2.56 × 1021 9.16
Annealed ITO 26.32 3.95 × 10−4 2.1 × 1021 7.54

nanocuts are optimized with respect to obtaining a homogeneous
distribution of cuts over the whole length of the modified region.

2. Materials and fabrication

2.1. Clewin design and substrate

The fabrication of the chips is based on biocompatible transpar-
ent materials. Therefore, we used 4′′ alkali free thin glass wafers
from Schott (AF 32® eco) to prevent any contamination of the ITO
layer by diffusion. Glass wafers with thicknesses less than 200 �m
are flexible. We  chose a thickness of 145 �m to use the possibil-
ity of substrate flexibility for immersion oil microscopy on cells
as well as laser modification through the substrate. Typical MEAs
have a radius of 5–15 �m with pitches of 100–500 �m [7–9]. In
this article, the laser trimming was studied on thin film ITO elec-
trodes with different radii of 2.5, 5, 10, 15, 25 and 35 �m in a 10 × 6
array with pitches of 194 �m in each row. The surface of the elec-
trodes was defined by the holes in the passivation layer (Fig. 3). The

ITO structures are over-dimensioned by 33% compared to the SU-8
holes to prevent alignment errors during the following lithography
steps. Fig. 1 shows the mask design of the whole wafer (a) with 12
chips and a single array without contact pads (b). The tails of the
electrodes have a width of 40 �m and the width of the conducting
paths is 20 �m.

The study focuses on the relative change of the impedances.
This makes an absolute potential measurement irrelevant so that a
reference electrode on chip was not included in our design.

2.2. Chip fabrication

Polycrystalline ITO films with a thickness of approximately
100 nm were deposited on 145 �m thick glass substrates by reac-
tive magnetron DC-sputtering (Von Ardenne LS 730S) with a
compound 6-inch indium–tin (90:10) target. Respecting the crys-
tallographic structure and optoelectrical properties of the films, the
deposition was optimized in an Ar/O2 plasma. Samples were sput-
tered at a chamber pressure of 0.005 mbar with an oxygen flow
rate of 7 sccm corresponding to 11% of the total Ar/O2 flow rate
of 60 sccm. Such conditions yield layers with high electrical con-
ductivity with a sheet resistance R� below 100 �/�, resulting in a
metallic contact to the gold pads.

The crystallinity of the films was  analyzed by grazing incidence
X-ray diffractometry (GIXRD) before and after annealing in an air
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Fig. 3. Electron microscope images of the SU-8 passivation layer for different sizes of electrodes (a) and for a 35 �m radius after laser structuring (b).

atmosphere at 400 ◦C for 1 h. The measurements showed a strong
amorphous background, which disappears after annealing (Fig. 2a).
Atomic force microscopy (AFM) was used to examine the roughness
of the surface (Veeco Image 3100) and rendered a very low Rrms

roughness below 1 nm.
Transmission/reflection UV–vis spectroscopy (Cary 5000 spec-

trometer, VARIAN) was used for the optical characterization of the
ITO films. This measurement showed a high transmission of 80% in
the spectral range of the laser and even higher in the visible range
of the spectrum (Fig. 2b).

The film conductivity was examined with four-point probe and
Hall measurements. ITO films exhibited metal-like electrical con-
ductivities (Table 1). The temperature coefficient of resistivity (TCR)

 ̨ in air is positive in the range from 0 ◦C to 90 ◦C. The charge carrier
density N in the ITO layers was determined by Hall measurements
using a van der Pauw method, yielding a value of 1.8 × 1021 cm−3

in a 150 nm thick ITO layer with a Hall voltage of about 1.85 mV  at
a magnetic flux density of 0.5 T.

After ITO sputtering, we used conventional lithography with
a positive photoresist (AZ1518 from MicroChemicals GmbH) to
pattern the ITO pads in a subsequent wet etching process in 10%
hydrochloric acid (HCl). The second lithography step was  done
with an image reversal photoresist (AZ5214E from MicroChemicals
GmbH) to generate gold pads on the ITO films in a lift-off process.
After sputter deposition of gold (with 10 nm chromium as adhe-
sion layer), the sample was sonicated in acetone to remove the

Fig. 4. Schematic view of the fabrication steps.

photoresist and to lift off the gold layer. The last additional lithog-
raphy step was for the passivation layer made of SU-8 photoresist.
The passivation layer covered the entire surface of the wafer except
the openings of the electrodes and contact pads, to passivate the
gold connections and define locally the surface of the electrodes
for measurements. It also damps the parasitic electrical fields (see
Fig. 10b). We  chose SU-8 (3025 from MicroChem Corp.) for its good
adhesion on glass and optimized the process for a thickness of about
25 �m.  The wafers were developed in mr-Dev 600 (micro resist
technology GmbH, Berlin) for 4 min. Fig. 3 shows the SEM images
of the SU-8 passivation layer after laser processing. The subsequent
cross section SEM images of cuts are from the electrode in Fig. 3b.

It was not possible to achieve good results for the smallest elec-
trodes (radii: 2.5 and 5 �m),  so that they are not addressed for the
rest of our studies. Fig. 4 shows a schematic view of these fabrication
steps.

2.3. Integration and chip-packaging

After dicing the MEA-chips, we used a flip chip technology
to contact each of the chips to a circuit board with electrical
connections. We  used a reflow soldering technique with a subse-
quent heating to connect the pads to the board, avoiding any wire
bonding.

Fig. 5. Photograph of the fabricated multi-electrode cell.
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Fig. 6. (a) Schematic profile of the scanning spiral line, (b) SEM image of nanocuts of separate lines, (c) SEM image of a circular area with a radius of 10 �m patterned with
parallel nanocuts, (d) magnified SEM image from a section in image c.

Afterwards, a glass ring was mounted and sealed in a predefined
window around the chip on the printed circuit board (PCB). This was
the electrolyte chamber serving as measurement cell. Fig. 5 shows
a photograph of the fabricated module with electrical connections.

3. Laser processing

The surface of the ITO electrodes was modified by using a fem-
tosecond laser scanning microscope for nanoprocessing [10]. The
laser beam of a broadband mode-locked Ti:sapphire laser (Integral
Pro 400, FemtoLasers) propagates through an inverted microscope
(Zeiss AxioObserver.D1). It was focused into the sample through an
oil immersion objective (Zeiss EC Plan Neofluar 40×)  with a numer-
ical aperture of 1.3 mounted on a piezo-actuator to adjust the focal
plane vertically with nanometer precision. The laser was  operated
at a central wavelength of 800 nm (bandwidth 120 nm)  with a rep-
etition rate of 85 MHz  emitting 7 nJ pulses of 10 fs duration. The
focal spot featured an effective diameter of d ≈ 0.61�/NA = 375 nm.
A group dispersion delay precompensation unit chirped the laser
pulses and yielded a pulse length of approximately 12 fs at the
sample position. The linearly polarized light of the laser could be
scanned using galvanometric scan mirrors. A scan controller (GSI
Lumonics SC2000) allowed precision manufacturing of complex
shapes over a scan range of 250 �m.  The total exposure time of the
samples was controlled by a mechanical shutter with a response
time of 1 ms.  The entire scan procedure was controlled by LabVIEW
software.

Laser illumination was performed from the backside of the sam-
ple through the substrate. Coordinate points recorded in a text file,
including the scan speed data for the controller, defined the scan
field. Focusing the beam into the film with a thickness of approx-
imately 100 nm was done manually using the microscope’s CCD

Table 2
Electrode areas and modified portions.

Diameter of
electrodes [�m]

Diameter of modified
region [�m]

Modified
portion

70 60 73.5%
50  40 64%
30  20 44.4%
20  10 25%

camera by adjusting the focal luminescence intensity of the ITO
layer under laser illumination at low intensities.

According to the absorption diagram of the ITO layer in Fig. 2b,
single-photon excitation at the laser wavelengths remained negli-
gible. Due to a very high transient intensity in the TW/cm2 range,
nonlinear absorption processes in the material prevailed. The laser-
induced structures in ITO layer were studied in detail previously
[10,11]. Here, we  address one of the effects at near-ablation thresh-
old exposure, which exhibits the generation of sub-20 nm cuts
throughout the entire layer thickness of ITO. These nanocuts are
short in length and run perpendicular to the beam polarization (see
Fig. 6b).

In this work, we demonstrate a method to generate such
nanocuts over a large area and length by carefully optimizing
the scan and polarization parameters, leading to a coalescent and
coherent cut generation. For this purpose, we wrote 20 �m × 20 �m
meander structures, each with a constant intensity and variable
scan speeds between 300 and 2000 �m/s, to figure out the proper
scan parameters.

As a result, an average focal power of 20 mW corresponding to
a pulse energy of 0.24 nJ was  used for the entire processes. With a
scan speed of 1 mm/s and an applied pulse fluence of 0.21 J/cm2 the
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Fig. 7. Amplitude (left) and phase (right) images of the nano-structured surface of the electrode. This shows the periodic nanocuts and also the recontaminations on the
surface.

cuts were generated. Fig. 6b shows an SEM image of such meander
structures with separated modified regions.

An optimized distribution of cuts in a round area was
accomplished with cycled coordination points, arranged in a
two-dimensional Archimedean spiral form as shown schematically
in Fig. 6a. 100 nm gave the optimum value for the radial increment
between points from scan lines in following rounds with the same
angle. This gives a dense arrangement of parallel nanocuts with a
pitch of approximately 115 nm between cuts. Fig. 6c and d shows
an SEM image of a circular modified region with the nanocuts. The
focused ion beam (FIB) cross section image in Fig. 10a demonstrates
penetration of the nanocuts through the whole layer. Interestingly,
the secondary cuts accrete to the prior written cuts. In other words,
each single cut can determine the position of the next coming cuts
in the next scan line. The reason of this phenomenon is the breaking
of lattice-symmetry in cuts, which gives a higher density of crystal
defects that contribute to an easier local plasma generation on the
surface at these points.

Fig. 6c shows a modified circular electrode with nanocuts
perpendicular to the polarization of the laser beam with a homo-
geneous distribution over the whole area. The length of each cut
runs over the entire range of the scanned area from one edge to the
counterpart edge.

To protect the passivation layer from any damage, a blank space
of 5 �m to the SU-8 edges was left unmodified. The percentage of
modified area for each electrode size is listed in Table 2.

The roughness change was characterized by AFM measurements
(Fig. 7), although an artifact, caused by the high aspect ratio of the
nanocuts, modifies the results. This offers just a shallow penetration
of the tip in the cuts, meaning that the absolute values of modified
surfaces in reality are even higher but the respective changes are
authentic.

The RMS  of the roughness of modified electrodes are changed
from 0.5 nm for blank ITO (state 1) to 5.7 nm without concerning the
recontaminations (state 2). Another raise is according to recontami-
nations (state 3) to 15.5 nm.  As mentioned above, the 100% increase
from state 1 to 2 is even more, because of the artifact but the com-
pare between state 2 and 3 with 63% increase is real, because of the
same artifact in both cases.

4. Results

4.1. Impedance spectroscopy

To modify the surface of the SU-8 passivation layer from
hydrophobic to hydrophilic in order to increase its wettability, an

oxygen plasma treatment was performed [12]. It attaches polar
CO- and COO-groups to the surface of SU-8, thereby rendering it
hydrophilic. This treatment was  done in a plasma etcher for 1 min at
100 W.  This step affects the results of the impedance spectroscopy
significantly. This change is a reversible change which is caused
by the wettability of SU-8 as mentioned above. The evidence was
observed by the measurements before treatment. They revealed a
capacitor-like behavior of caused by the air gap in the SU-8 cavity.
A possible electrical change of ITO is negligible because of a simul-
taneous treatment of modified and not modified electrodes on a
chip.

The impedance measurements were performed using a fre-
quency response analyzer (FRA) (Solartron 1255) with an
electrochemical interface (Solartron 1287). An Ag/AgCl electrode
(B2920, Schott) served as reference in the solution, while a plat-
inum electrode (PT 1800, Schott) wire served as counter electrode.
The electrolytic solution is an isotonic 0.9% saline solution (NaCl
solution).

Fig. 8 shows two Bode plots of 8 electrodes (diameter 70 �m)
before and after the nanopatterning of their surfaces. The two
curves look almost alike and cannot be distinguished with certainty
due to their overlapping standard deviation ranges. Nevertheless,
by comparing the mean value of the characterized electrodes in
the relevant range around 103 Hz, the nanopatterned electrode
impedances are lower than the impedances of the unmodified elec-
trodes. Since an unmodified margin of 5 �m (independent of the
electrode’s surface area) of the patterned area to the SU-8 layer has
been left on the ITO layer, smaller electrodes have a much lower
fraction of modified surface area than the larger electrodes. Hence,
the Ø 30 �m electrodes feature a laser patterned surface area of
only 45%, whereas the Ø 70 �m electrodes exhibit a patterned sur-
face fraction of approximately 75%. Therefore, we  did not measure
any distinct difference in the impedances for smaller electrodes.

To get a better understanding of the measured curves, the Bode
plots were fitted using a modified Randles circuit and the least
square method. This was  done using the software ZView from Scrib-
ner Associates Inc.

Fig. 9 shows the selected equivalent circuit used for the fit.
During the fitting process, the impedance values of the saline
and the counter electrode were kept constant, resulting in a
change of Rf1 and ZCPE1 only. Rf1 represents the charge transfer
resistance, describing the irreversible redox reactions by effective
charge transfer though the phase boundary. ZCPE1 represents a con-
stant phase element (CPE), which is a commonly used model to
describe the processes at solid state electrode surfaces in elec-
trolytic solutions: ZCPE = K(jω)−ˇ. With a coefficient of  ̌ = 0, the
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Fig. 8. Bode plots of unmodified and modified ITO electrodes with a diameter of 70 �m.  The mean values were calculated from the impedance spectroscopy results of four
unmodified and four modified electrodes on the same chip.

Fig. 9. Equivalent circuit which was used as a model for fitting the impedance
results.

CPE has purely Ohmic characteristics, whereas for  ̌ = 1 it describes
an ideal capacitance. Hence, a CPE describes non-ideal leaking
capacitor [13,14], where K quantifies the inverse capacitance C−1

of an ideal capacitor. It was observed that the coefficient  ̌ is
strongly influenced by the electrodes surface roughness [15]. With
the formula of the CPE the values listed in Table 3 were deter-
mined for patterned and non-modified electrodes with a diameter
of 70 �m.

The CPE can be regarded as a non-ideal capacitance, where K−1

quantifies the capacitance value (K−1 = C for  ̌ = 1). Hence, com-
paring the fitted values obtained for the nanopatterned electrodes
versus the unmodified electrodes, the increasing K−1 value would
indicate an increase in the electrodes surface. Furthermore, the
decrease of the Faraday resistance Rf also supports an increasing
surface area, since the resistance is inversely proportional to the
surface area. However, the relative differences of K−1 and Rf are
not equal, disputing the idea of characterizing the surface area by
evaluating both values. The increase of  ̌ shows a more capacitance
character of the patterned electrode. It can caused by not wetted
cuts containing air gaps.

Table 3
Mean fitting values for nanopatterned and unmodified Ø 70 �m ITO electrodes. The
relative difference of the values refers to the unmodified electrodes.

K−1 [sˇ ·�−1] ˇ Rf [�]

Unmodified 4.86 × 10−9 0.427 1.03 × 108

Nanopatterned 5.34 × 10−9 0.464 3.85 × 107

Rel. difference 10% 9% −63%

Nevertheless, the processes at an electro-chemical phase
boundary are very complex and the used model is a strongly sim-
plified description of those processes. The possibility of an increase
in conductivity of the ITO layer due to a better crystallinity caused
by the laser processing can be [16].

4.2. Simulation

Comsol Multiphysics® finite-element (FEM) modeling software
was used to study the stray capacitance of the wiring on the chip
after passivation, compared to the double-layer capacitance of the
electrodes. According to Bard and Faulkner, the double-layer capac-
itance at the electrode/electrolyte phase boundary is located in the
range of 10–40 �F/cm2, which is in contrast to a capacitance pro-
portional to the applied voltage [17]. For 0.9% NaCl saline solution
with an ion concentration of 154 mol/m3 and electrons as major
charge carriers in ITO electrodes (n-type) versus Na+ cations from
electrolyte with an atom radius of 180 pm, the calculated double-
layer capacitance is in the range of 100 �F/cm2. The model and
formula which were used for the calculation can be found in [18].

An FEM simulation of the parasitic capacitance of an elec-
trode with 230 nm gold thickness and 30 �m SU-8 passivation on
top renders a value of 1.7 × 10−4 �F/cm2, which is five orders of
magnitude smaller than the double layer capacitance according to
Bard and Faulkner.

A second simulation (presented in Fig. 10) displays the insula-
tion properties of the SU-8 layer by applying a 50 mV  voltage in
the measurements. Fig. 10b shows the current density in vertical
direction, which is only running through the hole in the passivation
layer.
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Fig. 10. (a) SEM image of the cross section of a modified electrode, (b) simulation of the current density through one electrode, (c) simulation of the electric field distribution
in  the y-direction of the nanopatterned ITO layer. The thickness of the ITO layer is 150 nm and the width of one cut is 20 nm, (d) demonstration of the polarization effect of
the  nanocuts as a change of intensity of the polarized light through the modified circular area.

In order to get a better understanding of the measured
impedances, the electric field distribution at the nano-patterned
electrode surface was calculated in a COMSOL simulation shown
in Fig. 10c. The simulation was done under the assumption of
ideal wettability, meaning that the nanocuts and the entire elec-
trode surface are fully covered by the saline solution. As a further
simplification an electronic conductivity was assumed instead of
an ionic conductivity. The inside of the trenches seems field-free,
which can be explained by the high aspect ratio of 15:2. Neverthe-
less, one observes high electric field densities at the thicker edges
of the cuts, which are a side effect of the laser patterning process.
Moreover, the ITO layer has a much lower resistivity than the saline
solution, leading to almost no electrical current flow in the trenches.

A simple demonstration in Fig. 10d yields polarization effect of
the nanocuts on the light. In this experiment, we used the unpo-
larized light of the microscope with a linear polarizer between the
light source and the modified electrode on the microscope. Rota-
tion of the polarizer reveals an obvious change of the intensity
on CCD chip for two perpendicular directions of the polarization
as shown in Fig. 10d. The ITO lines between the nanocuts serve
as wire-grid-polarizer. For the best result, the separation distance

between ITO-wires must be less than the wavelength of the radia-
tion. In our case with an average distance of 20 nm,  it should work
properly for the visible range of light spectrum. Although, scatter-
ing centers on the surface in form of recontaminations and bumps
on edges interfere with polarized light inappropriately and reduce
the polarizing effect.

5. Discussion and conclusions

Nanopatterning of the electrode surfaces increases the real sur-
face area while maintaining the geometrical surface area constant,
resulting in a decrease of the electrode impedance. We  gener-
ated nanometer-size modifications in ITO thin film electrodes using
femtosecond laser beams. The change in impedance was character-
ized by impedance spectroscopy.

To this end, the cell was immersed together with the counter and
the reference electrode (Ø 70 �m)  in an isotonic saline solution.
A decrease in impedance could be observed after nanopattern-
ing with 20 nm wide nanocuts at a density of seven nanocuts per
micron. Under the assumption of complete surface wetting, the
nanopatterns increased the effective surface area of the electrodes
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by more than a factor of four. In contrast, in case of incom-
plete surface wetting the electrolytic solution does not penetrate
into the nanocuts, and the effective surface area decreases by
about 14%, resulting in an undesired increase of the electrode
impedances. Moreover, even at complete surface wetting, the com-
plicated processes of ion diffusion can take only place in the
presence of an electric field within the nanocuts. But due to the
high aspect ratio (15:2) of such nanocuts and the high conductivity
of ITO, the electric field lines could hardly penetrate the nanocuts.
Therefore, the interior of the nanocuts appears to be field-free
zones. According to these results, no significant reduction in elec-
trode impedance was achieved by the sole effect of nanocuts. The
improvement of impedance is mainly achieved by redeposited ITO
micro/nanofractions and 2D bumps on the cut-edges, resulting in a
surface roughness increase as shown in the SEM image of the mod-
ified layer in Fig. 10a. However, the increase in surface roughness
due to nanocuts and redeposited material may  play an interesting
role in cell adhesion and cell growth. It has been shown that the
surface roughness has a significant impact on the cell behavior on
surfaces [19].

An experiment with a polarizer provided the proof of principle
for a polarizing function of such laser-modified electrodes. Fur-
ther investigations using different wavelengths and in contact with
living cells will reveal a better perspective for applications.

Such nanopatternings could also be covered and filled with
solid-state materials in a CVD or PVD process to use the huge sur-
face gain for lower contact resistances and contact impedances for
display or thin-film solar cells applications.
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4.4 Single-Nanowire Polycrystalline ITO Gas Sensors

4.4.1 Introduction

There are many different concepts to realize a gas sensor, including optical, electrical
and electrochemical methods. Electrical sensors include field-effect transistors with a gas
sensitive gate electrode (e.g. for hydrogen-rich gases), measuring a potential change as the
sensor signal [172]. It is also possible to make electromechanical gas sensors sensitive to mass
changes by the adsorption of gas molecules [172]. Metal oxides, such as zinc oxide or indium
tin oxide (ITO), are used for resistive gas sensing [173].

Ozone, methane, carbon monoxide, carbon dioxide and nitrogen oxides are suitable to be
detected by ITO as sensor layer. In the literature, ITO thin film based gas sensors for NO
and NO2 [174, 175, 176], CO2 [177], chlorine [178], isobutane [179], and methane [180] have
been presented. A commercial ITO thin film ozone sensor is also available (Sensor SP-16,
FIS Inc, Japan). A schematic diagram is shown in Fig. 4.5. The power consumption of this
sensor is about 600mW, which is relatively high and prohibitive for battery operation.

Figure 4.5: Commercial ITO thin film sensor (SP-16, FIS Inc, Japan). Left: front side of the
substrate with ITO sensor layer, right: backside of the substrate with heating element.

A conventional concept for metal oxide (MOX) resistive sensors is as follows [181]: a metal
oxide sensing layer is placed on a substrate together with contacting electrodes. In addition,
a heating element is placed under the sensing layer, electrically insulated from it.

There are basically two ways in which a resistive gas sensor can be realized; either by
macro-structured or by microstructured MOX layers. Gas sensors with macrostructured
MOX layers are built on sintered pellets (so called Taguchi sensors [172]) or are structured
by screen printing in thick layer technique [182]. Such sensors are still the most commonly
available commercial devices. Well known manufacturers are e.g. Figaro, FIS, UST, and
CityTech. Sensors with compact microstructured MOX layers are realized by using thin film
deposition techniques such as CVD, vacuum evaporation or sputtering [173, 172]. Such sen-
sors exhibit shorter response times and lower energy consumption. They can be miniaturized
substantially and the use of sensor arrays is possible. Thus, the selectivity of the sensors
can be significantly increased by cross-linking multiple sensor signals applied together. The
thin film sensors have a much higher reproducibility than sintered powder sensors, but they
have lower sensitivity because the gas cannot diffuse much into the compact layer. Thus, the
gas-sensor interaction only takes place on the surface of the MOX thin film [183].
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The change in resistance is due to a charge carrier exchange between the oxide layer
and the adsorbed atoms or ions [181]. Adsorbing oxygen from the air generates a surface
layer with new and different electrical properties, which is then additionally modified by
the chemical acting of gas molecules on the material. Oxidizing agents such as ozone and
nitrogen dioxide take electrons and induce a reduction of the charge carrier density in the
n-type sensors and thus in their conductivity. Reducing gases such as CH4, H2, CO, and
H2S as well as alcohols and isobutane cause an increase in conductivity. The reaction takes
place at the surface, and at higher concentrations it may come to saturation effects [184].
Also possible are layered sensors of different oxides in order to increase the selectivity. Some
oxides exhibit a particularly high selectivity between different gases, e.g. titanniobat [184].
Even conductive polymers are used as resistive chemical sensors e.g. polythiophenes [185].
The sensitivity and selectivity can be improved by applying a catalyzing layer, whereby low
working temperatures can be reached [186].

Resetting of such sensors can be achieved by applying external energy to desorb the
molecules attached to the surface. This can be done thermally or by applying electromagnetic
energy in the UV range of the spectrum.

The usual operating temperatures of MOX resistors are above 200 ◦C [173, 181]. For
heating a separate electrical heater can be used or, alternatively, the sensing resistor can be
operated in self-heating mode, combining both functions in one element [179]. The latter
mode is used for the nanowire (hot-wire) sensor fabricated in this work. This sensor can be
operated in a bridge circuit with a constant temperature configuration, which is more stable
than a constant voltage configuration. Should the resistance be reduced, caused by a reducing
gas, it causes the increase of current flow through the sensor. It is also possible to sense at
room temperature (RT) [104, 187]. The sensor assembly without heating element uses the
advantage of the photoreduction using ultra-violet radiation to reset the sensor. Although
RT-sensors usually have a lower sensitivity and longer response times than heated sensors,
they do have the advantage of a lower power consumption and a simpler structure, since the
heater can be omitted.

There are various types of adsorption of the gases on the surface of the oxides. Phys-
iosorption already occurs at low temperatures. The resulting effects are very weak because
it is based on van der Waals forces [182]. Stronger effects can be achieved by chemisorption,
arising from the chemical bonds between the adsorbed gas atoms or molecules. An activa-
tion energy must be thermally applied. By chemisorption, a charge carrier exchange takes
place between the adsorbed gas molecules and the metal oxide layer, which is decisive for
the resistance change and thus for the sensor signal. Chemisorption takes place mainly in
the range of 30 ◦C to 400 ◦C; higher temperatures support the desorption of the gas from the
surface. Thus, high temperatures in the range of 200 ◦C to 400 ◦C ensure good sensitivity but
also reversibility [182]. The interaction between metal and gas molecules and the resulting
change in resistance is still a topic under investigation.

The change in resistance of a compact (non-porous) metal oxide gas sensor as response to
oxidizing or reducing gases can be described by a change in the depth of the depletion region
on the surface. This depletion layer is formed by the chemisorption of oxygen on the surface
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of the MOX and the subsequent charge carrier exchange [182]. The adsorbed surface oxygen
atoms act as acceptor [184], leading to a depletion of charge carriers on the surface. The
adsorption of oxidizing or reducing gases increases or decreases this depletion region. This
in turn implies a change of the total resistance of the oxide layer, since the conductive region
is more reduced by a more extended depletion region.

In case of an n-type semiconductor such as tin dioxide, by drawing the electrons from
ionized donors via the conduction band, the charge-carrier density at the interface reduces and
a potential barrier to charge transport develops. As the surface charge grows, the adsorption
of more oxygen is inhibited; the adsorption rate slows down and the coverage saturates at a
very low value. Consequently, the number of adsorbed oxygen molecules decreases and it can
saturate the sensor [184]. Reducing gases cause a reduction of the adsorbed oxygen, while
oxidizing gases can directly interact with the surface and create additional acceptors. The
width of the space charge region of MOX (z0) correlates with the band bending q ·Vs, where
the Schottky potential Vs is the potential difference between the bulk and the surface of the
MOX [182] (Fig. 4.6). Poisson’s equation gives this relation:

∇2V = – ρ

ε0 · εr
. (4.8)

Assuming that the potential changes only in the z direction and the charge ρ in the
depletion layer comes only from the donors ND (q is the elementary charge), ρ = can be
written as q ·ND with a further assumption that the change of electrical potential V mainly
takes place in the z-direction, it follows that [182]:

dV2(z)
dz2 = – qND

ε0 · εr
. (4.9)

Figure 4.6: Band bending caused by the exchange of electrons between MOX and oxygen. z0 is
the width of the depletion layer [182].
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With the following boundary conditions, that the potential gradient is perpendicular to
the surface (z = 0) in z direction and the potential is supposed to be constant beyond the
depletion zone (z = z0) and zero on the surface(z = 0) it follows:

Vz=0 = 0, dV(z)
dz

∣∣∣∣∣z=z0
= 0, (4.10)

the following Schottky relation can be achieved:

Vs =
q · ND
2 · εr · ε0

· z20. (4.11)

Therefore, the energy qVs must be applied to move a carrier from the highest interior energy
level to the surface. Rearranging the equation gives an estimate of the width of the depletion
region. The width increases by exposing to oxidizing gases and reduces by reducing gases.
It can be seen that the thickness of the sensor layer should be in the range of the depletion
region in order to reach a relatively large resistance change due to the exposure to gas and
thus a high sensitivity (see. Fig. 4.7 center). This change in resistance, caused by the space
charge zone, can be expressed as follow:

∆R ≈ ρ
l
b
z0
d2

= R0 ·
z0
d , (4.12)

where ρ is the resistivity of the sensor layer, l is the length, b is the width and d is the
thickness of the layer or wire. Here, R0 is the known resistance without considering the
depletion region.

These considerations can be applied primarily for thin-layer MOX sensors. In polycrys-
talline or porous MOX sensors, however, the space charge regions on the surface of the
individual grains and the resulting Schottky contacts between the grains dominate the re-
sistance behavior (see Fig. 4.7 left). The oxygen accumulates in particular at the grain
boundaries, which represent potential barriers. There are other effects that may contribute
to non-ohmic behavior, such as the metal/MOX contacts and the above-discussed surface
effects [181]. Due to a high charge carrier density in ITO, an ohmic behavior is expected.
In nanowires, a change of the width of the depletion region leads to a strong change in the
resistance, if it is completely surrounded by oxygen or oxidized gases, since it greatly reduces
the cross-section of the conductor, as also indicated in Fig. 4.7 right. Signals can be obtained
from ∆R ≈ z20–2z0r

r2 R0, if r is the radius of the nanowire.

It is important to also note that the resistance of the MOX strongly depends on the
humidity, even at high temperatures up to 600 ◦C [184]. This is due to the oxygen vacancies
which are caused by the interaction with water, according to the following equation, using
the example of SnO2 [188]:
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Figure 4.7: Schematic demonstration of the band bending caused by the depletion region in porous,
thin film and nanowire metal oxide materials. The current is assumed to flow in the x
direction [50, 181].

Sn + H2O −−⇀↽−− Sn–H2O (4.13)
Sn–H2O+Olat −−⇀↽−− Sn–OH +Olat–H

+ + e– (4.14)

with Olat standing for oxygen lattice atoms. Beyond the chemisorbed oxygen atoms on a
tin dioxide surface, oxygen lattice atoms play the main role in the sensing mechanism. The
removal of these atoms increases the conductivity because the ratio O:Sn is decreased. More
specifically, the oxygen vacancies diffuse to the bulk where they can act as electron donors
[188].

Chemical bindings between water and tin generate free electrons and oxygen vacancies.
Consequently, the resistance of metal oxides decreases under the influence of moisture. The
effect is reversible within the temperature range of 300 ◦C to 600 ◦C [184].

In single crystalline nanowires, a regenerating self-heating effect can be obtained with
very low energy consumption in the µW range. That makes such sensors very suitable for
portable devices in contrast to their counterparts made of nanocrystalline thin films. But
the fabrication is still a challenge on the way to mass-production. The self-heating effect in
polycrystalline thin films can decrease the stability of a device.

Use of ITO, as a tin doped In2O3 with a very broadened usage in gas sensors, does not
surprise. The impact of layer properties of indium oxide on gas sensing has been already
investigated [104, 189]. Surface roughness and grain size influence the sensitivity of the
sensors due to the surface to volume ratio. Surface roughness and grain size increase by
increasing thickness and oxygen content in the sputtering chamber.

In compare to indium oxide, the additional tin oxide content in ITO has a significant
impact on the sensitivity for example in case of methanol [180]. The sensitivity decreases
with increasing ITO layer thickness, which was attributed to larger grains [180]. In summary,
the sensitivity of ITO thin films gas sensors mainly dependent on the grain size effects which
is controlled by deposition parameters.

Most of realized ITO gas sensors are realized as thin film sensors, with or without heating
element. By thin-film sensors, ITO layer is normally deposited on interdigital electrodes.
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Thus, an ITO patterning step is not necessary [179]. NO2 sensors on ITO base showed
reasonably good sensitivities. However, there are not enough studies on film properties of
respective samples, which also results in different behaviors of sensors. Such sensors were
usually operated at high temperatures (over 200 ◦C [174, 176]).

There are two fundamentally different approaches for fabrication of nanowires: the top-
down and the bottom-up method. Most nanowires described so far in the literature are
based on the bottom-up concept, where many single crystalline nanowires are generated in
an unorganized or self-organizing configuration. This is mostly achieved by chemical vapor
deposition (CVD) [190], in some cases also by electrodeposition [191]. In order to obtain a
single nanowire for sensor applications, electron beam lithography (EBL) and/or focused ion
beam (FIB) techniques are often used to select and contact a single crystalline nanostructure
from randomly grown nanowires [190, 191, 192, 193].

Another approach is based on using many nanowires, which are usually dispensed as a
dispersion on the contacts or on the substrate and the contacts are directly deposited on
them. Gas sensors were realized by such methods with individual (e.g. SnO2 [194, 195]) and
numerous parallel nanowires (e.g. SnO2 [196]). In the literature there are some examples
of ITO nanowire gas sensors, e.g. by electrospinning characterized with NO2 gas [197] and
fabricated by vapor-liquid-solid (VLS) mode and characterized with ethanol gas [198]. In
VLS mode, an alloy particle is usually located at the end of the nanowire, and serves as the
catalyst between the vapor feed and the solid growth.

These bottom-up approaches yield a high crystal quality but are not applicable for mass
production. In contrast to these previous works, a novel technique is presented here by ap-
plying a top-down approach to use a single nanowire with well-defined position and geometry
which is nanofabricated directly by employing a femtosecond laser beam in combination with
a subsequent etch step.

In this way, polycrystalline ITO single nanowires with widths in the range of about 1µm
down to sub-100 nm can be generated. Due to high writing speeds in the range of mm/s this
method is applicable for mass production. Further information is given in Chapter 4 3.

3The idea and the experimental design originate from the author. The technical implementation was sup-
ported by Elisabeth Preiß in her Diplomarbeit under the supervision of the author
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4.4.2 Addendum III

Polycrystalline ITO single nanowires with widths in the range of about 1µm down to
sub-100 nm can be generated with the described approach. Due to high writing speeds in
the range of mm/s this method is applicable for mass production.

The results of the first application for nanowire of ITO in a self-heating gas sensor are
published 2015 in Sensors and Actuators B (Impact Factor: 4.286). It presents the fab-
rication, simulation, and characterization of sensor by measuring NO2 as an oxidizing gas
with concentrations in lower ppm range 4.

Publication Nr. 3: Indium-Tin-Oxide Single-Nanowire Gas Sensor Fab-
ricated Via Laser Writing and Subsequent Etching

Authors: Maziar Afshar, Elisabeth Preiss, Tilman Sauerwald, Marius Rodner, Dara Feili,
Martin Straub, Karsten König, Andreas Schütze, and Helmut Seidel

Accepted in Sensors and Actuators B: Chemical (2015), DOI: 10.1016/j.snb.2015.03.067

Reprinted in PhD thesis by permission of the Journal.

Abstract: We report on the design and nanofabrication of a single nanowire (NW) indium-
tin-oxide (ITO) gas sensor and on test results obtained with an oxidizing and a reducing
gas. As a novel fabrication approach, direct laser writing and a subsequent etching process
on sputtered ITO thin-film layers is applied. For this technique a near-infrared Ti:sapphire
laser with sub – 15 fs pulses and a repetition rate of 85 MHz is used. NWs for gas sensors are
realized in two versions with a thickness of 125±25 nm; one with 350 nm in width and 90µm
in length the other with 700 nm in width and 200µm in length. The sensors are exposed to
nitrogen dioxide (NO2) in synthetic air with concentrations from 1ppm to 50 ppm showing
a significant change in resistance (up to 15.8%), whereas the reaction to 2000 ppm carbon
monoxide (CO) turns out to be negligible (0.05%). At ambient temperature, the sensor
exhibits integrating dosimeter-like behavior with relaxation times of more than 20 h. By
self-heating, the NW can be reset to its initial condition, thus enabling a new dosimeter run
at room-temperature. When the sensors are operated in self-heating mode, a conventional
behavior is observed, enabling the detection of NO2 concentrations down to about 1 ppm at
a stationary temperature below 200 ◦C.

4The idea and the experimental design originate from the author. The technical implementation was sup-
ported by Elisabeth Preiß in her Diplomarbeit under the supervision of the author.
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a  b  s  t  r  a  c  t

We  report  on  the  design  and  nanofabrication  of a single  nanowire  (NW)  indium-tin-oxide  (ITO)  gas
sensor  and  on  test results  obtained  with an  oxidizing  and a reducing  gas. As  a novel fabrication  approach,
direct  laser  writing  and a subsequent  etching  process  on  sputtered  ITO  thin-film  layers  is  applied.  For
this  technique  a near-infrared  Ti:sapphire  laser  with  sub-15  fs  pulses  and  a repetition  rate  of  85  MHz  is
used. NWs  for  gas  sensors  are  realized  in two versions  with  a  thickness  of  125 ± 25  nm;  one  with 350  nm
in  width  and  90 �m in length  the other  with  700 nm  in  width  and  200  �m in  length.  The  sensors  are
exposed to nitrogen  dioxide  (NO2)  in  synthetic  air  with  concentrations  from  1 ppm  to 50  ppm  showing  a
significant  change  in  resistance  (up  to 15.8%),  whereas  the reaction  to  2000  ppm  carbon  monoxide  (CO)
turns  out to be  negligible  (0.05%).  At  ambient  temperature,  the  sensor  exhibits  integrating  dosimeter-
like  behavior  with  relaxation  times  of more  than  20 h. By  self-heating,  the  NW  can  be reset  to  its  initial
condition,  thus  enabling  a new  dosimeter  run at  room-temperature.  When  the  sensors  are  operated  in
self-heating  mode,  a conventional  behavior  is observed,  enabling  the  detection  of  NO2 concentrations
down  to  about  1  ppm  at a stationary  temperature  below  200 ◦C.

© 2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Recently, micro- and nanostructured resistive gas sensors have
attracted extensive interest due to their distinctive physical proper-
ties, featuring a fast response and reduced power consumption. The
behavior of individual or networked single crystalline metal oxide
NWs used as gas sensors has been described in previous studies
[1–5]. Such sensors show promising results because of their high
surface to volume ratio, a deep depletion layer in comparison to the
transversal dimensions of the NW,  as well as extremely low power
consumption. While the sensor response of nanocrystalline thin
film sensors is noticeably higher than that of single crystalline NW
sensors, the detection efficiency of the latter is significantly higher.
In case of SnO2 a thirtyfold increase was reported by Bruneta et al.
[6].

In single crystalline NWs, a regenerating self-heating effect
can be obtained with very low energy consumption in the �W
range. That makes such sensors very suitable for portable devices

∗ Corresponding author. Tel.: +49 681 302 4182; fax: +49 681 302 4699.
E-mail address: m.afshar@lmm.uni-saarland.de (M.  Afshar).

in contrast to their counterparts made of nanocrystalline thin
films. But the fabrication is still a challenge on the way to mass-
production. The self-heating effect in polycrystalline thin films can
decrease the stability of a device because of grain growth [5].

The gas sensitivity is explained by a change of the band bend-
ing on the surface of the metal oxides caused by adsorption of gas
molecules [7]. This band bending changes the width of the deple-
tion layer and consequently the resistance of the sensor element.

As described by Chen et al. [3], there are two fundamentally
different approaches for NW fabrication: the top-down and the
bottom-up method. Most NWs  described so far in the literature are
based on the bottom-up concept, where many single crystalline
NWs  are generated in an unorganized or self-organizing configu-
ration. This is mostly achieved by chemical vapor deposition (CVD)
[3], in some cases also by electrodeposition [8]. In order to obtain
a single NW for sensor applications, electron beam lithography
(EBL) and/or focused ion beam (FIB) techniques are often used to
select and contact a single crystalline nanostructure from randomly
grown NWs  [1–4,7,8]. These bottom-up approaches yield a high
crystal quality but are not applicable for mass production. In con-
trast to these previous works, we are using a top-down approach,
where a single NW with well-defined position and geometry is

http://dx.doi.org/10.1016/j.snb.2015.03.067
0925-4005/© 2015 Elsevier B.V. All rights reserved.
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Fig. 1. (a) The X-ray diffraction spectrum of the ITO layer exhibits a strong peak from (2 2 2) planes with a slight amorphous background. It was reactively sputtered in an
O2/Ar atmosphere with an oxygen flow ratio of 3.3% out of 60 sccm total flow; (b) SAED pattern of ITO film outside (1) and inside (2) the laser-illuminated area. Laser exposure
improves the crystallinity, and the amorphous background disappears.

nanofabricated directly by employing a femtosecond laser beam
[9–11] in combination with a subsequent etch step.

In this way, we can generate polycrystalline ITO single NWs
with lateral dimensions in the range from 60 nm up to about 1 �m
[9–11]. Due to high writing speeds in the range of mm/s  this method
is applicable for mass production.

ITO in a typical composition is a transparent conducting oxide
with a wide optical band gap and a highly degenerate electrical
conductivity. It has numerous applications in display technologies,
in organic light emitting diodes (OLEDs) and in photovoltaics. ITO
can be considered as doped In2O3, which is a very common material
for gas detection [12]. ITO is being commercially used in thin film
sensors for the detection of oxidizing gases such as NO2 and ozone
[13]. In this article, we report on the fabrication technology of ITO
polycrystalline NW gas sensors and on their sensor performance
with and without self-heating effect.

The gas sensing interactions of metal oxide semiconductors at
low temperatures can be more selective than sensing interactions
on heated layers due to the presence of adsorbed humidity layers
when gas interacts with absorbed water e.g. in terms of an acid
base reaction [14]. Above 200 ◦C some complex chemical reactions
determine the sensor behavior; poisoning of the surface and even
an oxygen disequilibrium in subsurface regions takes place at tem-
peratures above 400 ◦C [15]. Generally, the measurements shown
in this article are performed in the range of low temperatures, up
to about 200 ◦C.

2. Experimental

2.1. ITO film preparation

Polycrystalline ITO films with a thickness of 125 ± 25 nm were
deposited on 150 �m thick glass substrates by reactive magnetron
DC-sputtering (von Ardenne LS 730S). A compound 4-in. indium-
tin (90:10) target was used in an Ar/O2 plasma. The deposition
was optimized with respect to crystallographic structure and opto-
electrical properties of the films, which strongly depend on the
oxygen content and on sputtering conditions. Our studies were per-
formed with samples, which were sputtered at a chamber pressure
of 0.003 mbar with an oxygen flow rate of 2 sccm corresponding
to 3.3% of the total Ar/O2 flow rate of 60 sccm. Such conditions
yield layers with high electrical conductivity, allowing for a metallic
contact to the pads (see Section 5).

2.2. ITO film characterization

The crystallinity of the films was analyzed by grazing incidence
X-ray diffractometry (GIXRD), which showed a strong peak from

(2 2 2) crystal planes (Fig. 1a). Atomic force microscopy (AFM) was
used to examine the roughness of the surface (Veeco Image 3100).
Scanning electron microscopy (SEM) was  used to characterize the
fabrication results on the nanometer scale.

The optical characterization of ITO films was performed by using
transmission/reflection UV–vis spectroscopy (Cary 5000 spectrome-
ter, VARIAN). Varying the oxygen flow at constant chamber pressure
resulted in minor changes of the absorption edge, but single pho-
ton absorption at the laser wavelengths remains negligible [9]. Due
to a very high intensity of the laser beam with a peak power in the
terawatt range, we are dealing with nonlinear absorption processes
in the material.

The film conductivity was  examined by four-point probe mea-
surements. ITO films sputtered at 100 W exhibited metal-like
electrical conductivities (Table 1). The temperature coefficient
of resistivity (TCR)  ̨ in air is positive in the measure-
ment range of 0–90 ◦C (Table 1). The charge carrier density
in the ITO layers was  determined by Hall measurements
using a van der Pauw method, yielding a value of 5.2 × 1020 cm−3

in a 190 nm thick ITO layer with a mobility of 8.5 cm2 V−1 s−1. This
macroscopic effective mobility value is an average over charge
densities in amorphous boundary layers and single crystal grains
and is one order of magnitude below the mobility in single crys-
tal grains. The reduction of the mobility is caused by traps and
scattering centers both in the oxygen-rich and tin-rich amorphous
grain boundaries [16]. This density value was used to calculate the
thickness of the skin effect.

2.3. Laser processing

The sputter-deposited film was modified by using a compact
optical setup (Fig. 2). The laser beam of a broadband mode-locked
Ti:sapphire laser (Integral Pro 400, FemtoLasers) was  fed into an
inverted microscope (Zeiss AxioObserver.D1) with a galvoscan
module (Jenlab GmbH), which focuses the beam into the sample
through an oil immersion objective (Zeiss EC Plan Neofluar 40×,
NA = 1.3) mounted on a piezo-actuator to adjust the focal plane
vertically with nanometer precision. The laser is operated at a cen-
ter wavelength of 800 nm (bandwidth 120 nm) with a repetition

Table 1
Properties of the sputtered ITO thin film. The surface roughness Rrms was  obtained
from AFM measurements. The electrical resistivity (�) and temperature coefficient
(˛)  result from electrical measurements. The film thickness (d) was determined by
SEM images of focused ion beam sections.

O2 [%] Rrms [nm] � [10−4 � cm]   ̨ [10−3 K−1] d [nm]

3.3 0.516 4.37 1 100
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Fig. 2. Nanoprocessing setup based on a 10-fs Ti:sapphire laser combined with an inverted high-resolution optical microscope. The beam is prechirped in a group dispersion
delay  precompensation unit in order to maintain a pulse length of 12 fs in the focal spot. After passing through an attenuator it is scanned across the ITO-sample via a pair of
galvanometric scan mirrors.

rate of 85 MHz  emitting 7-nJ pulses of 10 fs duration. A group
dispersion delay precompensation unit chirps the laser pulses and,
in combination with a double glass wedge, yields a pulse length
of approximately 12 fs at the sample position. The ITO films were
illuminated through the substrate with linearly polarized light
using galvanometric scan mirrors. A scan controller (GSI Lumonics
SC2000) allows precision manufacturing of complex shapes over
a scan range of 250 �m.  The exposure time of the samples was
controlled by a mechanical shutter with a response time of 1 ms.
The entire scan procedure was controlled by LabVIEW software.

For our ITO layers the applied fluence range is below the single-
pulse ablation threshold [9,10]. The absorption in the range of
the laser spectrum arises both from the single photon absorption
by electrons in and close to the conducting band and from addi-
tional multi-photon absorption processes, which are induced by
the focal peak intensity in the order of 10 TW/cm2. The modified
region can reach extremely small lateral dimensions of less than
100 nm by minimization of the effective absorption volume via the
focal fluence. For this purpose, we used an average focal power
of 14–17 mW and a scan speed of 300 �m s−1 (corresponding flu-
ence 0.16 J cm−2) to generate structures with lateral dimensions of
700 nm.  The wires used in this study exhibit a length of 200 �m
or 90 �m with a straight linear shape in order to get a system of
low complexity, which simplifies simulation as well as character-
ization in regard to temperature dissipation and current density
distribution.

2.4. Chip fabrication

After ITO sputtering we used conventional lithography with an
image reversal photoresist (AZ5214 E from AZ Electronic Materials
GmbH)  for a lift-off process to generate gold pads on the ITO
films. Gold was used as electrode material because of its corrosion

resistance with respect to ITO etchants (hydrochloric acid, HCl)
as well as to an NO2 atmosphere. After sputter deposition of gold
(without adhesion layer) the sample was  immersed in an acetone
ultrasonic bath to remove the photoresist and to lift off the gold
layer. In this way, samples were prepared for laser processing and
subsequent wet etching in HCl without necessitating an additional
lithography step. Fig. 3 shows a schematic view of these fabrication
steps.

Laser illumination was  performed from the backside of the sam-
ple through the substrate. The length of the wire was  numerically
controlled by coordinate points in a text file including the scan
speed data. Focusing the beam into the film with a thickness of
125 ± 25 nm thick was performed manually using the microscope’s
CCD camera by adjusting the focal luminescence intensity of the ITO
layer under laser illumination at low intensities.

Similar to previous reports we  observed that laser processing
with the proper set of parameters can change the degree of crystal-
lization in the exposed regions as verified by selected area electron
diffraction (SAED) patterns as shown in Fig. 1b. We also verified
this transition indirectly, by etching the layer at room temperature
in 10% HCl. The laser-modified regions proved to be substantially
more resistant against HCl and were not attacked within a few
minutes of etching. Non-illuminated film areas, in contrast, were
removed completely [9–11,17]. The result is shown in the SEM
image in Fig. 4a at two different magnifications for a NW of 200 �m
in length and 700 nm in width. The final steps were dicing and wire
bonding of the chips. Fig. 4b shows a chip mounted on a TO-8 socket.

2.5. Sensor operation and gas measurements

The electrical characteristics of the mounted sensors were mea-
sured at various temperatures and gas atmospheres. Joule heating
changes the NW’s temperature. A voltage across the NW was
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Fig. 3. Schematic diagram of the fabrication process. Main steps include sputtering, lithography, lift-off, laser writing and subsequent etching.

utilized to simultaneously heat the NW and measure its conduc-
tance. Two different operation modes were used. First, we used
an adaptable constant voltage across the NW.  The disadvantage of
this mode is that the power dissipation changes with the resistance
of the sensor. Therefore, the second set-up uses a constant power
to keep the sensor temperature constant at higher temperatures.
The constant power source was realized by multiplying the mea-
sured current and voltage across the NW,  using an analog multiplier
(AD633JN). The multiplier’s output is used as feedback for an analog
control loop. For measurement at ambient temperatures we used
small constant voltages. FEM simulations and tests showed that at
0.2 V the energy dissipation of 20 �W only causes negligible self-
heating, resulting in nearly ambient temperature measurements
(Fig. 5a).

The gas measurements are performed using a gas mixing sys-
tem. We  use a test gas mixture of 1000 ppm NO2 in synthetic air,
which is diluted with dry and humid synthetic air using mass flow
controller (MKS 1179A Mass-Flo). A gas-washing bottle produces
the humid air. Throughout the measurements, the flow was kept
constant at 200 sccm with 50% relative humidity.

3. Results and discussion

We  demonstrate a novel and flexible way of fabricating single
NW gas sensors. The structures were realized by laser beam writing
of ITO thin films in combination with conventional microsystem
processes. The NWs  fabricated for gas detection possess a width
and length of 350 nm/90 �m and 700 nm/200 �m,  respectively,

Fig. 4. (a) SEM-graphs of a laser-induced ITO wire with 200 �m length and 700 nm width running between two gold pads; (b) a camera photo of the same chip after dicing
and  wire bonding on a TO-8 socket.
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Fig. 5. (a) Response of the two  parallel NWs  (l ≈ 200 �m,  w ≈ 700 nm,  t ≈ 150 nm)  at ambient temperature to the exposure of NO2 in synthetic air (50% r.h., V ≈ 200 mV,
I  ≈ 100 �A, P ≈ 20 �W,  �T  ≈ 0 K); (b) recovery time of a NW-sensor in synthetic air after NO2 exposure at ambient temperature; (c) response of the sensor after increasing
the  voltage (V = 4 V, I ≈ 1.6 mA,  P ≈ 6.4 mW,  �T  ≈ 70 K); (d) relaxation characteristic of NW-sensor fitted by two double exponential functions corresponding to two different
relaxation processes.

corresponding to aspect ratios of more than 250 (Fig. 4). Laser
processing and subsequent etching are optimized to an extent
that even sub-100 nm widths can be realized [9]. The fabrication is
explained in detail in the experimental part (Section 2). Due to the
degeneracy of the semiconductor the NWs  exhibit a low resistance
of a few k�, which makes it possible to use them as self-heating
resistive gas sensors with low power consumption (below 5 mW).
For a detailed description of the electrical characterization of these
sensors see Section 5.

The sensors were exposed to NO2 at two different tempera-
tures and at two different gas concentrations in the ppm range.
First results are shown in Fig. 5. Low power measurements
(20 �W:  U = 200 mV,  I ≈ 100 �A) at room temperature with negli-
gible self-heating exhibit a long relaxation time, indicating that the
desorption process follows a first order exponential function with
a time constant �1 of approximately 7 × 104 s, which is nearly 20 h
(Fig. 5a and b):

R = R0 + A1exp
(−�t

�1

)
, (1)

where R0 and R are the resistances before and after gas exposure,
�t = t − t0 is the elapsed time between both measurements, and A1
is a scale factor. Under these conditions, the sensor shows an inte-
grating (accumulating) response when exposed to NO2. Fig. 5 the
resistance of the sensor and, in addition, its time derivative (dR/dt)
as a differentiated sensor output. The differential signal normalized
by the gas concentration (dR/dt/C, C is the gas concentration in ppm)

decreases continuously from 7 × 10−4 to 1.8 × 10−4 � s−1 ppm−1

during the measurement (Fig. 5a), which indicates that the adsorp-
tion is approaching a saturation value. Thus, it exhibits a gas
dosimeter like behavior with a non-linear response. In order to
reset the NW resistance to its initial value, its temperature needs to
be increased through self-heating by increasing the applied elec-
trical power [18].

Many studies show, that the surface of metal oxides and other
semiconductors absorb a thin layer (∼1 nm)  of condensed humidity
from the air, which plays an important role in determining their gas
sensing properties [14]. From the literature, it is known that a water
monolayer may  be present on metal oxides up to temperatures of
about 100 ◦C and that they affect the electrical properties of the
sensing films by changing their surface conductivity [14–16,18,19].
While a water monolayer inhibits the response to many reduc-
ing gases (e.g. CO), acid gases like NO2 (and alkaline gases like
ammonia) show a strong response. The assumed mechanism is the
dissolution and dissociation of the atmospheric NO2 in the surface
adsorbate layer:

NO2 + 2H2O → NO3
− + H3O+ + (1/2)H2, (2)

which leads to a pH change [14]. The pH change in the surface
electrolyte layer (SEL), in turn, produces a change in the surface
conductivity of the underlying sensing layer. If we  take this mecha-
nism as basis for a possible model of explanation, a key prerequisite
that such a surface conductivity change does indeed happen is that
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Fig. 6. Band diagram model of the interface between ITO and a surface electrolyte
layer with dissociated NO2 molecules. The energy level of H3O+ is 0.2 eV below the
Fermi-level of ITO, enabling a charge (e−) transfer from ITO into the electrolyte.

there is a reasonable match between the redox level in the SEL and
the positions of the conduction or valence bands in the underlying
solid. The energy band diagram in Fig. 6 shows that there is indeed
an appropriate match between the redox level of the H3O+ ions in
the SEL and the conduction band in the ITO NW.  Whereas the first
level is situated about 4.5 eV below the vacuum energy (Evac = 0),
the ITO conduction band is at Ec – 4.3 eV [20]. A transfer of elec-
trons from the ITO NW to the SEL therefore can take place, which
discharges a fraction of the H3O+ ions in the SEL, leaving a negative
excess charge of remaining NO3

− ions there. An equal number of
positively charged tin donors in the ITO-NW compensate this nega-
tive excess charge. This electrical double-layer, in turn, produces an
upward band bending at the surface of the ITO-NW and a concomi-
tantly lower sub-surface conductivity in the ITO, which signifies
the presence of the NO2 in the ambient air. Our further studies are
going to test this model with the help of resetting the process e.g.
with gases which make the SEL basic, like ammonia.

A significantly different situation arises, when the operating
voltage of the ITO-NW is raised to constant 4 V, which corre-
sponds to a power dissipation of ≈6.4 mW.  Under these latter
conditions, with elevated temperatures we observed significantly
shorter response and drastically reduced recovery time constants.
These changes are due to a significant temperature rise of about
70 K, induced by self-heating (Fig. 5c). Fig. 5d shows that after
the termination of a gas exposure non-exponential decays are
observed, which however, can also be modeled by invoking two
exponential decays involving different decay time constants �r1 and
�r2. Similar observations were also made upon gas exposure. Non-
exponential decays arise in case the desorption process involves
bi-molecular or even higher-order processes. Not being able to
argue on such a molecular scale, we prefer an interpretation in
terms of two independent mono-molecular processes both in the
gas response and in the recovery from a gas exposure. In this way,
we were able to extract two time constants �s1 and �s2 for the
response and two more time constants �r1 and �r2 for the recovery
process. In this way, the impact of the sensor operation tempera-
ture and of the length of gas exposure time on these parameters
could best be illustrated.

Table 2 gives an overview on these time constants for a relatively
short time measurement (1800 s) and for a longer time measure-
ment (10,000 s). In the sensing signal there are clearly two time
constants (�s1, �s2), which directly correlate to two  additional time
constants (�r1, �r2) in the recovery signal. The orders of magnitude
of the s1- and r1- as well as s2- and r2-constants stay within the
same range for 25 ppm and 50 ppm (see Table 2). Similar correla-
tions of response time and recovery time constants were previously
observed in low-temperature studies on SnO2 sensors [15].

Shorter time constants are found at 25 ppm. On recovery, time
constants of �r1 ≈ 100 s and �r2 ≈ 600 s can be observed, indicating

Table 2
Time constants of the double exponential fit for different measurements with 25 and
50  ppm NO2 gas flow in short time (1800 s) and a long time (10,000 s) measurement
(curves in Fig. 2c).

Measurement
25 ppm NO2

Long
time

Short
time

Measurement
50 ppm NO2

Long
time

Short
time

�s1 [s] 440 60 �s1 [s] 350 60
�s2 [s] 3100 1200 �s2 [s] 4000 1000
�r1 [s] 300 100 �r1 [s] 400 100
�r2 [s] 4000 500 �r2 [s] 3000 500

at least two distinct desorption processes with differing activation
energies. Moreover, we  have observed that the sensor reaction is
not fully reversible on a time scale of 4 h. This is most likely due to
irreversible adsorption at strongly binding surface states and due
to volume processes triggered by changes in the gas concentration.

The overall shape of the sensor signals is consistent with many
observations on SnO2 [19]. With temperature increases of about
140 K by self heating a more reversible character is observed as
shown in Fig. 7, applying lower concentrations down to 1 ppm.
At this elevated temperatures we  assume that surface electrolytes
layers are no longer present and the sensor can be described by
a classical model used for semiconductor gas sensors attributes
changes in resistance S = (R/R0) − 1 to a change of the gas induced
depletion layer, caused by trapping of electrons at surface states. In
the case of oxidizing gases like NO2 additional negative charge at
the surface and thence an increased depletion due to the adsorbed
NO2 is expected. In the case of a single NW,  this leads to a reduc-
tion of the effective cross section of the wire [4] assuming that the
depletion zone is fully depleted. In our case, the depletion layer will
be extremely small due to the high carrier concentration of more
than 1020 cm−3, which is estimated from Hall effect measurements
(see Section 6). Using the Schottky approximation (εr ≈ 4, Vs ≈ 2 V),
the depletion layer width is estimated to be approximately 3 nm.
The electron density in ITO grains is even higher than this aver-
age value of charge density [16] corresponding to an even smaller
depletion layer widths. Calculations on the basis of a rectangular
cross-section of the NW (w ≈ 350 nm,  t ≈ 100 nm)  yield a sensor
response of about 4%.

The measured sensor response is extracted from a long time
measurement (Fig. 8a) and lies between 8% and 16% resistance
change for gas concentrations varying between 2.5 ppm and
50 ppm (see Fig. 8b). These measurements were done with a
constant heating power of 4.5 mW (U ≈ 5 V, I ≈ 900 �A) which gen-
erates a temperature increase of about 140 K. The sensor response
increases over the whole range of concentrations as illustrated by
the linear fit in the double logarithmic graph shown in Fig. 8b. At a
concentration of 50 ppm NO2 we have observed a sensor response
of 15.8% which is significantly higher than the one expected from
our simple depletion layer model for the surface reaction of a
single NW.  An obvious reason for this discrepancy lies in the poly-
crystalline nature of the ITO NWs. As the grain size (≈50 nm) is
considerably smaller than the length of the NWs  (≈90 �m),  charge
carriers need to cross many barriers as they move from contact
to contact pad. If these internal barriers are accessible to the NO2
molecules, a larger gas response is expected than predicted by the
model, which is actually observed. Similar effects for porous In2O3
have been described by Wagner et al. [21].

The expected reducing character of CO on SnO2 sensors was not
detected. At a concentration of 2000 ppm (18.9% oxygen in flow)
a 0.05% reduction of sensor resistance is detected. The oxidation
process of CO (COgas + Osurf-- → CO2

gas + 0.5O2 + e−) does not affect
the electron density of the ITO significantly due to the initially high
intrinsic electron density.

The measurements were done repeatedly over several days
stretched out over several weeks. The sensor was proved to be
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Fig. 7. (a) Response of a self-heated NW-sensor (l ≈ 90 �m, w ≈ 350 nm,  t ≈ 150 nm)  to the exposure of 2.5 ppm and 5 ppm NO2, using constant heating power P = 3.93 mW
(�T  ≈ 140 K, U ≈ 5 V, I ≈ 800 �A); (b) response of the same sensor to a lower concentration of 1 ppm and 2 ppm NO2.

Fig. 8. (a) Long time response of a self heated NW-sensor (l ≈ 90 �m,  w ≈ 350 nm,  t ≈ 150 nm)  to the exposure of NO2 with a constant heating voltage of 5 V (I ≈ 900 �A,
P  ≈ 4.5 mW,  �T ≈ 140 K); (b) sensor response and sensitivity (�R/(R·�Concgas) to different gas concentrations from 2.5 ppm to 50 ppm.

mechanically stable with a small electrical drift which is explained
in Section 5. Further investigations concerning the sensor stability
are under way and will be published in the future.

4. Finite element method simulation

Because of the small dimensions of the wires, it was  impos-
sible to use thermography for the investigation of self-heating.
Therefore, FEM simulations with COMSOL Multiphysics were used
to obtain reliable estimates for the self-heating in wires and
the influence of different designs and dimensions. Fig. 9a shows
FEM-simulation curves of the self-heating process in air over a
voltage range of 0–7 V for a reference NW (l ≈ 200 �m,  w ≈ 700 nm,
t ≈ 150 nm)  on a glass substrate connected to the gold pads. In
one case (dotted line) the backside of the substrate was  defined
as a surface maintained at a constant room temperature of 293 K
(non convective), while in the other cases (solid and dashed lines)
heat conduction values from the surfaces to the surrounding
atmosphere of 1 W m−2 K−1 and 5 W m−2 K−1 (as heat transition
constant), respectively, were introduced. Accordingly, higher
temperatures are achieved when a lower heat conduction towards
the surrounding environment is assumed. I–V measurements were
performed in air revealing that the real behavior comes closest to
the calculation assuming 1 W m−2 K−1. Up to 3 V the experimental

values showed the same trend as the simulation. For higher
voltages the time of measurement (≈6 s) was chosen shorter
than the thermal saturation time constant (≈200 s cf. Fig. 9c) in
order to prevent a permanent change in the resistance or even
a destruction of the NW.  Therefore, the experimental values are
below the simulated curve, which applies to stationary conditions.

Fig. 9b demonstrates how the temperature increases over dif-
ferent wire widths at 5 V for the same two boundary conditions
mentioned above. The thermograph in Fig. 9c gives an overview of
the temperature distribution on the chip for a change of about 70 K.

The large size of the gold pads has only a negligible impact on the
heat distribution along the length of the wire, as shown in Fig. 9d.
In the upper diagram, no gold pads at the ends of the wire were
involved, whereas in the lower diagram the effect of gold pads was
included. The temperature dependency of resistivity is not included
in this simulation and the heat transfer to the surrounding air is
assumed to be 5 W m−2 K−1 at a constant backside temperature.

5. Electrical properties

The temperature coefficient of resistance (TCR) of sputtered ITO
was measured by a four point probe operated in air between 0 ◦C
and 90 ◦C. In tin-doped indium oxide, tin atoms replace the In3+

ions and establish bonds to the oxygen-atoms as Sn4+. They serve
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Fig. 9. FEM-simulation results for a reference NW (w = 700 nm, l = 200 �m,  t ≈ 100 nm); (a) diagram of self-heating effect in this wire for different voltages with fixed tem-
perature and convective boundary conditions on substrate backside with 1 and 5 W m−2 K−1 heat transition constants compared to calculated values from I–V measurements
with  TCR coefficients; (b) simulation of self-heating by 5 V for different widths of NW for a length of 200 �m;  (c) a graphic image of temperature distribution on the substrate
and  the transient behavior of sensor temperature for different voltages by a heat transition constant of 1 W m−2 K−1 as in vacuum conditions; (d) graph of the temperature in
the  wire for different voltages with and without gold pads at the periphery. The temperature dependency of resistivity is not considered. Heat transfer to the air is assumed
by  5 W m−2 K−1 and a constant backside temperature is used.

as electron donors (as well as the also present oxygen vacancies)
and enhance the conductivity [22]. The results of the TCR measure-
ment are shown in Fig. 10a as a linear average over 20 loops. The
sheet resistance is drifting toward lower values. This occurs most
probably because of Sn diffusion from the grain boundaries into
the grains, which transforms passive Sn atoms into active donor
sites, thus improving the conductivity [22,23]. The trend is always
the same with a positive flank lead which gives a TCR coefficient
of  ̨ = 1.3 × 10−3 K−1 (for the as prepared film) (Table 2). After laser
processing we studied  ̨ using a NW with a length of 90 �m and a
width of 700 nm in a heatable chamber under an inert atmosphere
(Fig. 10). The temperature was varied in the range from 25 ◦C to

95 ◦C. This experiment yielded a value of  ̨ = 5 × 10−4 K−1, which is
smaller by about half an order of magnitude, as compared to the
sheet value mentioned above. This empirical value of  ̨ was  taken
for the simulations of the thermal distribution in the sensor. From
the resistance of a wire after laser illumination a new resistivity
of 3.5 × 10−4 � cm is determined; this shows an improvement of
more than 25% compared to the initial value (Table 2) through laser
modification.

The electrical properties of this sensor were characterized in
vacuum (10−5 mbar) as well. In a first approximation, we  observed
a nearly linear behavior with current–voltage measurements
between −5 and 7 V as shown in Fig. 10b. These measurements
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Fig. 10. (a) Temperature dependent four point measurement on the sputtered film in air which shows a positive thermal coefficient of resistance; (b) current–voltage diagram
of  the NW with 2674 � resistance (l ≈ 90 �m,  w ≈ 700 nm,  t ≈ 150 nm) in the range of −5 to 7 V in vacuum; a linear-fit and a fit with TCR coefficient show an Ohmic character;
(c)  the calculated temperature increase caused by Joule heating in the measured NW of image (b) for three measurements; (d) a long time measurement with 3.5 V on a
similar  NW in semi-vacuum shows a slight drift over 10 h.

were taken using the four-point technique on the NW with a resis-
tance of 2674 �.  The results indicate that the Au/ITO interface
exhibits an ohmic behavior. The slight increase of R at higher vol-
tages (above 3 V) is due to Joule heating. It can be approximated by
including a correction term proportional to U2 (cf. TCR fit). The cal-
culated temperature from the electrical measurement on the wire
is shown in Fig. 10c which gives a parabolic fit depending on U2.

Measurements taken over a longer period of time on wires with
a relatively high current of 1.4 mA  (3.5 V – 2425 �)  in vacuum
(10−5 mbar) yielded an increase of resistance by about 0.6% over
10.5 h with a decreasing gradient (Fig. 10d). The drift can be caused
by an oxygen transport from interstitial lattice sites within the grain
regions towards the grain boundaries, creating oxygen-rich grain
boundary layers which reduce the conductivity [22,23]. This drift
was observed both in air and under gas exposure. It is 10 times
higher in air as compared to vacuum, yielding a value of almost 6%
over 10.5 h. Diffusion processes of oxygen atoms from the air into
the ITO-layer, which accelerate the oxidation mentioned above,
may  be an explanation.

Initial measurements under gas exposure were performed using
two parallel NWs  with a width of 700 nm,  a length of 200 �m and
a total resistance of 2430 � contacted with an electrically conduc-
tive adhesive. The sensor was placed in an airtight chamber with
electrical feed-throughs. The change of resistance of the NWs  under
exposure to nitrogen dioxide (NO2) was measured, first with a con-
stant current of 0.97 �A corresponding to an energy dissipation of

2 nW (Fig. 5a) and later with constant voltage of 200 mV  corre-
sponding to an energy dissipation of 20 �W.  A comparison of the
results obtained under constant current and constant voltage con-
ditions indicates that there was  no significant self-heating, leaving
the sensor response times at an unaltered high value. This is in good
agreement with the simulations (Fig. 9a) which predict that no sig-
nificant self-heating would occur in this range. Next, we  measured
this sensor in a constant voltage modus using higher power sett-
ings (4 V, I ≈ 1.6 mA)  in order to achieve self-heating. This yielded a
sensor behavior with a strongly reduced relaxation time as shown
in Fig. 5c.

For the third method of measurement we  used a single wire
sensor with a length of 90 �m operated at a constant power to
achieve a more constant temperature. The gas concentration was
reduced toward lower concentrations in order to study the sensor
response (Fig. 8b). Under these conditions and after a long run-in
time of about 20 h the tests resulted in an almost perfect sensor
behavior of the wire as illustrated in Fig. 8b for gas concentrations
of 1 and 2 ppm.

6. Conclusion

The results of our studies indicate that NWs  produced by laser
processing exhibit very promising behavior for self-heated gas sen-
sors. Only few standard steps (sputtering, lift-off, laser writing and
etching) are needed for the fabrication of such sensors. The method
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to generate the NWs  by laser writing is very flexible, so that a wide
range of widths (100 nm to 1 �m)  and lengths (5–200 �m) can be
achieved without any lithography and without masks just by vari-
ation of laser parameters [9–11]. In this article we present NWs
with 350 and 700 nm width and 90 and 200 �m length from a film
with 125 ± 25 nm thickness. The resistors exhibit low noise so that
even a moderate change of resistance at low gas concentrations
can be detected reliably. The results show that low concentrations
of NO2 (1 and 2 ppm) can be measured with higher sensitivity
(�sensor response/�concentration) and lower baseline drift (Fig. 8b), as
compared to higher concentrations. Future efforts in the devel-
opment of NWs  will also focus on fabricating freely suspended
NWs  with reduced width and thickness, which would enhance the
surface to bulk ratio of the sensor and induce more effective self-
heating and lower energy consumption. We  expect that these steps
will increase the sensitivity down to the ppb range and further
reduce response and recovery times. Future research should also
clarify the dependence of the self-heating temperature on heating
power, especially with respect to the stability of the NWs.

We conclude that our sensor cannot only be operated as a
dosimeter at room temperature but also as a direct gas sensor at
pulsed elevated temperature cycles. We  expect to optimize the sen-
sor and our measurement methods with the aim to obtain response
times of less than 100 s at higher temperatures and with much
lower power consumption.
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4.5 Freestanding ITO Nanowires; Fabrication and
Simulation (Unpublished Data)

This Section is about a novel technique to make freestanding nanowires by releasing the
nanowires presented in the previous Section. The study and results are unpublished data
and will be submitted as a manuscript.

4.5.1 Introduction

After the fabrication of substrate attached ITO nanowires using sub-15 femtosecond laser
pulses and their application as self-heated gas sensors, it becomes obvious, that the perfor-
mance and energy consumption can be drastically improved by releasing the nanowires from
the substrate and making them freestanding. This is caused by the decoupling of thermal
energy dissipation to the substrate along the resonator. In addition, such nanowires can be
used as electromechanical nanoresonators.

Mechanical resonators can be used to detect small adsorbed masses through shifts in
oscillation frequencies [199]. Their size was reduced in recent decades parallel to technical
achievements in micro and nanotechnology, specifically in lithography and material synthesis
or deposition. Appropriate semiconductor and MEMS fabrication processes are applied by
fabricating freestanding structures with geometrical dimensions on the micro- and nanometer
scale. The dynamic behavior of such structures is defined through many physical parameters
by designing and materials, which exhibit the eigenfrequencies of resonators. By reducing the
resonator dimensions the eigenfrequency can reach MHz and even up to GHz [200, 201]. For
the fundamental mode response of a simple doubly clamped beam, the following parameters
are defined [202, 203]:

effective vibatory mass : Meff = 0.735ltwρ, (4.15a)

dynamic stiffness : κeff =
32Et3w

l3
, (4.15b)

resonance frequency : f = ω0
2π = 1.05t

l2
√
E/ρ, (4.15c)

with length l, thickness t and width w of the beam. E is Young’s modulus, and ρ is the mass
density of the beam. These equations are valid for an isotropic material. In anisotropic,
single crystalline nanowires the frequency is crystal orientation dependent.

Precise force, position and mass sensors have already been realized. The continuous
down scaling of dimensions towards the nanometer range led to remarkable results, including
nanoresonators with atomic mass resolution. Such nanoresonators can measure single atoms,
molecules or viruses [201, 204, 205, 206, 207, 208, 209, 210, 211]. Such results make this field of
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research very interesting with continuously growing application fields. Chemical, biological,
gas specific and microfluidic transducers have already been demonstrated [207, 212, 213].

Reducing the dimensions to the nano scale is a technically challenging issue. The surface
properties and their controlling, new fabrication and actuating/sensing techniques, repro-
ducibility of nanostructures, and simulation of such NEMS are in focus of many studies [203].
At what size scale does continuum mechanics break down when simulating their mechanical
properties and needs corrections from atomistic behavior is answered with molecular dynam-
ics simulations for ideal structures [214, 215]. Studies indicate that continuum mechanics is
still valid for structures down to the order of a few tens of lattice constants [203, 214, 215].
Quantum effects only start to become relevant at even smaller dimensions. Hence, for most
current works in NEMS, continuum approximations appear to be adequate [203].

Figure 4.8: a)Scanning electron micrograph of SiC nanowires with different lengths and resonant
frequencies ranging from 2MHz to 134MHz, b) Schematic diagram of process sequence
[203].

The small dimensions of nanoresonators ensure low operating power, high responsivity
due to high fundamental resonance frequencies [200], and mechanical quality factors (Q) in
the tens of thousands [202, 216].

In many cases a bottom-up process is used for fabrication where the nanostructures are
generated separately and are later connected to the chip. The applied techniques for fabrica-
tion of nanoresonators are depending on materials. Nanotubes or monocrystalline nanowire
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resonators must be delivered to the chip to be connected separately to electrical contacts in
a bottom-up process. In contrast to this, top-down approaches make it possible to fabricate
freestanding structures directly on chip with surface micro-/nanomachining techniques and
by using a sacrificial layer technique (SL) as shown in Fig.4.8. Beside the growth of the active
layers deposited by various methods, etching is another key process.

The functional as well as sacrificial layers are deposited with various methods such as
chemical vapor deposition (CVD), molecular beam epitaxy (MBE), and reactive sputter
deposition. The functional layers have to be etched in form of a beam and subsequently
undercut isotropically to yield free-standing resonators. The etching process requires a mask,
which is usually defined by deep-UV or electron beam lithography or in rare cases with other
novel methods like electrospinning of PMMA nanofibers, aligned with photolithographically
defined auxiliary structures [217].

The former technique has been already applied to silicon on insulator structures [218],
gallium arsenide/aluminum arsenide (GaAs/AlGaAs)systems [219], silicon carbide (SiC) on
silicon [220], aluminum nitride on silicon [221], nanocrystalline diamond films [222], and
amorphous silicon nitride films [223].

Actuation mechanisms of nanomechanical resonators can be divided into local on-chip
schemes and schemes relying on external excitation. On chip approaches are based on voltage-
induced forces such as internal piezo-electric, capacitive, magnetomotive, electrothermal or
static dipole-based dielectric, and dielectric gradient forces (Fig. 4.9). External actuation
can be based on photothermal or inertia-based piezo-actuated schemes [224]. In many cases
the readout can be a primary challenge in the NEMS field.

Figure 4.9: a)Scanning electron micrograph of a high stress silicon nitride NEMS with a width
of 300 nm, b) Electrostatic force in the z direction in a cross-sectional view, versus
distance d from the electrodes. FEM simulation (black) and approximation by an
analytical fit (red) for Vdc = 2V [224].

Finite element simulations with COMSOL Multiphysics were performed to make a proper
design. An electrothermal approach can be used for both applications, either as a self-heated
chemical gas sensor or as an electromechanical nanoresonator. Both the resonance frequencies
and the time dependent thermal behavior of the resonators were simulated.
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The resonance detection can be done by an impedance measurement due to the change
of resistance in the nanowire and/or by using the change of capacitance between sensing
electrodes and the nanowire. Due to their very small dimensions the power consumption is
in the µW and even nW range.

The aim of this work is to study the possibility of applying the previously developed 2D
structuring method for 3D fabrication of freestanding nanowires of indium tin oxide. The
applied approach in this work is a standard top-down approach for surface nanomachining,
based on selective etching of a sacrificial layer with respect to ITO. The special feature is
the integration of direct laser writing in combination with maskless wet etching steps. The
possibility of applying an electrothermal actuating method is theoretically studied. Further
information is given in the following Section 5.

5The idea and the experimental design originate from the author. The technical implementation and
the simulations were supported by Michael Penth and Daniel Gillo in their bachelor’s theses under the
supervision of the author.
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4.5.2 Addendum IV (Unpublished Data)

Based on the results achieved for laser scribed substrate-supported ITO nanowires, a new
method is developed to fabricate freestanding nanowires, which can also be used for gas sensor
applications. In addition to the same approach of laser writing and subsequent wet etching,
a sacrificial layer technique was used as a standard surface nanomachining method to release
the wires from the substrate. Aluminum nitride (AlN) was introduced as nonconductive
transparent sacrificial layer on top of a glass substrate and beneath the structural ITO layer.
A tightly focused laser beam (Ti:sapphire near infrared) was used to illuminate the ITO layer
from the back through the substrate and through the sacrificial layer.

The mechanical properties of the sputtered ITO layer are a deciding factor for a suspended
structure. As mentioned in Chapter 2, nanoindentation was applied to measure Young’s mod-
ulus (E) and Hardness (H) of the sputtered polycrystalline ITO layer after laser illumination.
Average values of about 90MPa for E and 9MPa for H were measured (see Section 2.2.1).
These values are used in analytical and numerical simulated mechanical models.

The thickness of the functional layer and of the sacrificial layer is controlled by deposition
parameters. The thickness of the sacrificial AlN layer was chosen to be 500 nm, defining
the gap below the double side clamped nanowire after release. The thickness of the ITO
nanowire was set to be around 100 nm by choosing the proper sputter parameters. The
typical thickness tolerance obtained on a wafer was ±10%.

AlN can be sputtered with low stress, low surface roughness and high transparency. It
can be etched selectively with respect to ITO in phosphoric acid (H3PO4), thus satisfying all
requirements for a sacrificial layer. The substrates are 4 inches alkali-free 145µm SCHOTT
glass wafers (AF32 R©eco). After a standard cleaning process with acetone and isopropanol
in an ultrasonic bath, AlN was reactively sputtered from a pure aluminum (Al) target in an
N2 plasma with a chamber pressure of 0.004mbar and with 1000W power.

200 nm

ITO

AlN

Pt

400 nm

Pt

AlN

Si (100)

Figure 4.10: Electron microscopy micrograph of an AlN cross-section shows c-axis orientation as
achieved by A. Ababneh [126].

The initial preconditioning of the pure Al-target is very important. To generate a clean,
oxide free surface, the target was sputtered in argon plasma with 0.003mbar pressure and
1000W for 600 s. Afterwards a nitrogen conditioning of the target was performed in N2
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Glass/AlN Glass/AlN/ITO

Figure 4.11: AFM measurements on sputtered AlN film on glass substrate (left) and the same
sample after ITO sputtering on top (right).

plasma for 1800 s to obtain a well defined nitrogen concentration on the target surface using
the same parameters as in the main deposition step (see Tab. 4.4).

The sputter deposition parameters optimized by A. Ababneh with respect to obtain a
tightly packed growth with c-axis orientation on (100) silicon was used. In this case the
crystallinity was analyzed by grazing incidence X-ray diffractometry (GIXRD). In this case
of a glass substrate, a microscopic inspection (SEM) of the cross-section of the sputtered
layer in combination with AFM surface measurements were used leading to the same results.
A focused ion beam cut through the layer is shown in Fig. 4.10. A columnar structure is
visible, giving a strong indication for c-axis orientation.

The next step is the fabrication of a 100 nm thick conductive ITO layer. which was de-
posited by reactive magnetron DC sputtering (LS 730S from Von Ardenne) with a compound
metallic 6-inch Indium/Tin (90:10) target. A standard process with an Ar/O2 plasma (gas
flow 53:7 sccm) and a chamber pressure of 0.005mbar was used. For obtaining reproducible
results, the target must be oxidized with the same depth profile, as a critical preconditioning
step. The best way to achieve this is by using the same parameters given in Tab. 4.4, aiming
for a known voltage difference between target and anode of the machine.

The roughness of each layer was characterized by AFM measurements. It was applied to
the glass substrate, to the sputtered AlN on glass substrate, and to the whole stack after
sputtering of ITO on top. The topographies of surfaces are shown in Fig. 4.11. Starting by
RMS roughnesses below 1 nm for glass substrates, 500 nm AlN on the substrate exhibited a
RMS-roughness of 1.55 nm. After sputtering 100 nm ITO on top, this value was increased
insignificantly to 1.9 nm.

The laser illumination through the substrate and the sacrificial layer requires a high optical
transparency of AlN. Fourier transformed VIS to infrared spectroscopy in the range of 400 nm
to 1100 nm was used to make transmission measurements. Fig. 4.12 shows that AlN reduces
the transmission of glass by less than 10 percent and shows no absorption line in this range.
By adding ITO on top the average transmission reduces again. The band edge of ITO is
expected to be at 380 nm, which is reflected by the increasing absorption near this wavelength
towards higher photon energies. For the relevant laser spectrum between 700 nm to 800 nm
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there is still about 70 percent transmission available. The wavy character of the curves is
caused by the interference effect of light in the AlN film.
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Figure 4.12: Change of transmittance of the glass substrate by adding of about 500 nm AlN and
100 nm ITO layers.

The metallic electrical interconnects were generated in a lift-off process. In a photolithog-
raphy step, using an image reversal photoresist (AZ531B from MicroChemicals GmbH ) was
used for lithography. The exposure was done with the i-line of a mercury vapor lamp of a
MA 1006 from Karl Süss mask aligner. The image reversal photoresist is applied as a positive
photoresist just to benefit from its good thermal resistance in the subsequent sputtering step
(see Fig. 4.13).

The used chrome mask was designed in Clevin and was written by a laser lithography
machine from Heidelberg Instruments GmbH, using a positive photoresist on top of the chrome
layer.

Table 4.4: An overview of sputter parameters used for the fabrication of freestanding ITO
nanowires in this work.

Sputtering Parameters AlN ITO Cr Au Ti Pt
Power [W] 1000 100 100 50 1000 100
Ar [sccm] 0 53 80 80 60 80
N2 [sccm] 50 0 0 0 0 0
O2 [sccm] 0 7 0 0 0 0

Pressure [mbar] 0.004 0.005 0.003 0.003 0.003 0.003
Deposition Time [s] 1000 400 30 150 10 250

Thickness [nm] 500-600 60-80 5-10 200 5-10 200

Gold (Au) and, alternatively, platinum (Pt) were sputter deposited on the wafers prepared
for the lift-off process. The typical thickness was about 150 nm. For adhesion, a very thin
sputtered Cr layer is used in the case of gold, whereas Ti is used for Pt. All process parameter
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3-Exposure of AZ531B

4-Developing of Photoresist

2-ITO Sputtering

9-H3PO4 Etching

5-Gold-Sputtering

6-Lift-Off

7-Laser Processing

8-HCl Etching

Gold
ITO AlN

Photoresist

1-AlN Sputtering

Figure 4.13: Schematic view of the fabrication process for freestanding ITO nanowires. The used
lithography mask structures are shown for single wires as well as for ten parallel ones.
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Figure 4.14: A photograph of fabricated chips after dicing and with Pt pads.

are listed in Tab 4.4. These metallic contact pads define simultaneously the etching masks
for both following wet etching steps.

To prevent an overheating of the photoresist, the sputter processes were divided into several
short steps. Pt and Au were sputtered in 15 s steps with 5min break to let the sample cool
down. For Ti, this was 5 s sputtering and 5min break. This method delivered good results
after lift-off as shown in Fig. 4.14 for Pt pads.

The lift-off process was done in an ultrasonic acetone bath. The mask contains contacts
with different gap lengths in the range of 10µm to 50µm as shown in Fig 4.13 for single
and multicontact structures. The wafers have to be diced before laser processing, and each
single chip can afterwards be mounted on the laser microscope for laser processing (see Fig.
4.14).

Gold and platinum are the established candidates for metallization. However, Pt has
turned out to be the favorite metal, due to its positive properties under laser illumination,
as mentioned in the following.

Thus, an ITO bridge was generated between two Pt-pads on top of AlN as sacrificial layer
on the chips. Its position can easily be found in the laser microscope using a Zeiss EC Plan
Neofluar 40×, NA 1.3 oil immersion objective mounted on a vertical piezoelectric stage from
Piezosystem Jena GmbH to write a nanowire with the desired parameters within this field.
The laser intensity defines the lateral dimension of the nanowire after etching.

The laser machining is the same as for the unreleased nanowires. The extra sacrificial layer
does not cause any problems for the laser illumination. As a guide for manual focusing, the
correct vertical position of the voxel can be found by fluorescent effects occurring in the ITO
layer. The material laser interaction is discussed more deeply in Section 2. After focusing
and adjusting the laser intensity, scanning can be started. Data for coordinates and scan
speed are sent to the scan controlling card of the galvo scanners (GSI Lumonics SC2000 ).
For optimizing the illuminating process, samples with different laser power and scan speeds
were scanned with a pulse length of about 12 fs.

Because of the reflection and absorption of the laser beam on metallic pads, some defor-
mations in the metallic layer can be seen. These bumps are generated through a temperature
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1µm 2µm 10µm

Figure 4.15: Fabricated freestanding nanowires. Written by 21.7mW laser power and a scan speed
of 200µm/s.

and pressure increase at the interface below the pads. This effect is particularly obvious at
the start and end points of the line scan and can even end up with the total ablation of the
layer in form of a hole. This is due to a delay time between the shutter and the scanner,
which holds the spot for a relatively long time on these points. To prevent any side effects
on the nanostructures, line scans are written longer than the gap length with about 20µm
extension under the metal pads on each side (see Fig. 4.16).

The interaction of the laser beam with the metal layer does not only lead to the formation
of bumps but also to a circular temperature increase in the ITO film near the interface, which
anneals the ITO layer and makes it resistant to subsequent etching, as can be seen in Fig.
4.16. The half circle profile reveals a hot spot at the connecting point to the metal pad in
the middle. In the case of gold the half circle profiles are only generated on the side where
the laser beam leaves the metallic cover, whereas in the case of Pt they can be seen on both
sides and even with the same symmetric shape!

Afterwards the lasered chip was etched in 10% HCl at room temperature for about 100 s
to etch the ITO nanowires out of the ITO film. An etching rate of 32 nm/min to 48 nm/min
was measured. This variation is due to different film qualities on the wafer.

The AlN layer was etched in H3PO4 at 80 ◦C for 210 s with an etching rate of about
75 nm/min. Before and after this step it turned out to be very beneficial to dip the chips in
distilled water. The former for an optimum wetting of small gaps and the later even longer
step for more than 12 hours to wash off the acid from these small gaps and corners. The last
step is a short dip in isopropanol and then letting the chip dry.

20µm

a) b)

2µm

Figure 4.16: ITO nanowires with widths of about 100 nm can be generated but they do not survive
the whole process including wet etching.
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Fabrication of different lengths of such structures exhibits a strong dependency of the yield
on the wire length. For standard widths of 200 nm to 300 nm 10µm is the proper length
as shown in Fig. 4.15. For larger lengths towards 30µm the yield reduces dramatically.
Nevertheless there are some structures with even 35µm length that survive the heavy load
of wet etching in a high viscous phosphoric acid and the subsequent surface tensions during
the drying process.

The yield turned out to be zero for nanowires with 100 nm width and a length of 35µm.
This is shown in Fig. 4.16 for about 120 nm width and 40µm length. Nevertheless, one side
clamped nanowires with a length of a few µm are still existing as shown in Fig. 4.16b.

The half circle profiles turned out to be essential for the process; they surround the only
ablated spot exactly at the interface to the metal pads, caused by a trapped plasma under
the bumps as marked with a circle in Fig. 4.15a. This gives the nanowires more stability.

Fig. 4.17 shows different junctions between such nanowires. The laser processing is able
to generate monolithic structures in illuminated regions and lines in a top-down approach.
The junctions are very homogeneous without any pits or bumps. Even very small negative
forms in the range of sub-20 nm can be achieved as shown in Fig. 4.17b. This shows also
the flexibility of this method.

a) b)10µm 1µm

Sub-20 nm

Figure 4.17: Fabricated freestanding nanowires with different shapes. The crossing point are very
homogeneous and monolithic from ITO without any defects and even in range of
sub-20 nm. In Fig. 4.17a there is a bending point in upper structure which is a
result of sticking.

This kind of freestanding nanowires can be used for chemical gas sensors as discussed
in Section 4.4, with a drastic reduction of heat loss due to their separation from the sub-
strate. Alternatively, they can be used as dynamic double side clamped electromechanical
nanoresonators for different physical sensor applications as discussed in Chapter 4.

The mechanical and thermal behavior of the nanowires was studied theoretically. An
electrothermal approach can be used for actuating them as resonators.

A simple analytical model for a slender beam with a high ratio between the length and
the radius of the cross-section has shown that the Lagrangian mechanics can be reduced to an
Euler-Bernoulli model disregarding shear stress and rotation of the beam like in case of the
Rayleigh model [225], shear models [226], and Timoshenko model [227]. This model describes
a transversal vibration in an out of plane bending mode with very low deflection. It delivers
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proper results for the natural frequencies. In this model the bending moment of the whole
beam gives the potential energy and the deflection stands for kinetic energy [228, 229].

The analytic model is based on the following assumptions [228]:

• Resonant structures are made of homogeneous and isotropic materials, and are subject
to only small deflections. These structures must have a minimum feature size > 100 nm
to be able to consider their film mechanical properties.

• Resonators are under concentrated and uniformly distributed loads and bending mo-
ments.

• The neutral axis goes along the geometrical center of mass of the beam and the cross-
sections of the beam are before and after deformation perpendicular to this line.

• The plane sections of the structures do not deform, i.e., transverse and shear deforma-
tions are neglected.

• Structures must have aspect ratios(length/thickness) greater than 10, a necessary con-
dition to employ the Euler-Bernoulli beam theory. For aspect ratios of less than 10,
the Timoshenko beam theory must be included.

• Surface and fluid effects, as well as anchor dissipation on the bending response of the
resonator are neglected.

• The undercuts of the resonators (caused by isotropic release of the sacrificial layer) are
neglected.

Regarding double side clamped boundary conditions, the following equation for the series of
eigenfrequencies is obtained [230]:

fn =
((n + 1

2)π)
2

2πl2

√
EI
Aρ , (4.16)

here l is the length, A the cross-sectional area, ρ the mass density, E Young’s modulus, and I
the area moment of inertia. For a rectangular cross-section with w as width and t as height,
I is 1

12tw
3 and the Eq. 4.16 can be rewritten as:

fn =
((n + 1

2)π)
2

2πl2

√√√√Ew2

12ρ . (4.17)

Calculated values from this equation for different dimensions are in good agreement with
FEM simulations, as shown in Tab. 4.5.

For the electrothermal characterization of such nanostructures the analytic studies are based
on the thermal conduction equation in a homogeneous material:

ρcδT(~r, t)
δt = λ∆T(~r, t) + Q, (4.18)
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Table 4.5: Eigenfrequencies of the first mode for different resonator dimensions.

w [nm] l [µm] Analytical f0 [MHz] Simulated f0 [MHz]
100 10 3.654 3.657
100 25 0.584 0.584
200 10 7.309 7.308
200 25 1.169 1.170
400 10 14.618 14.534
400 25 2.338 2.339

where ρ is the mass density, c the specific heat capacity, λ the thermal conductivity, T the
temperature depending on time and location, and Q the external thermal energy delivered
by time and volume as heat source. When thermal losses through the ambient atmosphere
are neglected, this equation can be simplified to a one dimensional heat flow through the
wire towards both clamping points. In the simulation this assumption was implemented by
assuming a very low heat transfer coefficient of 0.001W/m2K for the surrounding ambient.

In reality, the end points are relatively big metallic pads with a huge mass and heat capacity
as compared to the nanowire. This justifies the assumption of a fixed room temperature for
the contact pads. With an electrical heating source Q = P/V = U2/RV, V for volume and
U and R for applied voltage and resistance of the nanowire, Eq. 4.18 can be solved and the
temperature at point x in the nanowire is given by:

T(x) = U2

2λVR(–x2 + lx) + TR, (4.19)

with TR for room temperature. Due to the thermal dependency of electrical resistance in
metallic and metallic like materials (R = ρR(1 + α∆T(x)) l

A), an average and a maximum
temperature can be calculated for the nanowire:

∆Tm(U) = U2

12λ(ρR2 + 1
2

√
ρ2R + αρRU2

3λ

, (4.20a)

∆TM(U) = U2

8λ(ρR2 + 1
2

√
ρ2R + αρRU2

3λ

, (4.20b)

with ρR as specific electric resistivity and α as temperature coefficient of resistance. This
ensures a constant relation between these two temperatures: ∆Tm

∆TM
= 2

3 .

The time depending behavior of the nanowire is more interesting for the electrothermal
driving concept of the resonators. Eq. 4.18 can be solved one dimensionally for Q=0 to
find the parameter for a thermal decay down to room temperature. If an object at one
temperature is exposed to a medium of another temperature, the temperature difference
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(c) l=10µm, w=400 nm
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(d) l=25µm, w=100 nm
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(e) l=25µm, w=200 nm
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(f) l=25µm, w=200 nm

Figure 4.18: COMSOL Multiphysics simulations show the electrothermal behavior of nanowires
with different dimensions.

between the object and the medium follows an exponential decay with a characteristic time
constant τ of:

τ(x) = ρc(–x2 + xl)
2λ , (4.21)

for Tm it yields ρcl2
8λ .

FEM simulated results for these properties are for nanowires with different dimensions
and in a voltage range of 0.1V to 0.5V. The time dependent thermal behavior of TM in
nanowires with different dimensions has been simulated and the results are shown in Fig.
4.18.

From these curves a thermal decay as in Eq. 4.22 can be fitted with a fall time τM (TM
reaches its maximum after about 20µs), this is the first fitting point for the thermal decay
process.

TM(t) = TR + (TM(0) – TR)eτdt. (4.22)

Values for a nanowires with a cross-section of 100 × 100 nm and with two different lengths
of 10µm and 25µm are presented in Tab. 4.6:
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Table 4.6: Fall time of the thermal decay in nanowires. Some of the parameter values are from
the literature and some from the measurements.

Length [µm] Analytic τd [µs] Simulated τd [µs]
10 5.42 4.9
25 33.88 30.8

For the simulations a collection of physical properties for each material was needed. For
gold and glass standard values from the COMSOL Multiphysics material library were used
and for ITO a combination of measured values and values from the literature as shown
below:

Table 4.7: Physical properties of sputtered polycrystalline ITO.

Property Value Reference
E-Modulus (E) 90GPa Meas.
Mass Density (ρ) 7120 [kg.m–3] [109]
Heat Capacity (cp) 362.36 [J · kg–1 ·K–1] [111]

Heat Conductivity (λ) 5.95 [W ·m–1 ·K–1] [111]
Electrical Resistivity (ρel) 3.5× 10–6[Ω ·m] Meas.
Temperature Coefficient (α) 5× 10–4 [K–1] Meas.

Due to the calculated temperature a voltage of maximum 0.5V is realistic to keep the ITO
nanowires below their melting temperature of about 2000 ◦C. Maximum deflection by this
voltage is 5 nm for 10µm length and 12.5 nm for 25µm lengths with a constant cross-section
of 100× 100 nm.

The resonance behavior of a nanoresonator can now be simulated using a sinusoidal al-
ternating driving voltage. This signal shape results in frequency doubling because of heat
generation in both the positive and negative half waves.

For a 100 nm wide nanoresonator, the calculated decay times are 20µs and 120µs for
lengths of 10µm and 25µm, respectively. From these values, maximum frequencies of
f10 = 25 KHz and f25 = 4.2 KHz can be calculated. For higher frequencies an excessive
accumulation of heat can be expected.

At high temperatures the radiative heat energy loss due to Stefan-Boltzmann radiation law
normally becomes relevant for energy loss calculations. However, when one or two dimensions
of the radiating object are smaller than the wavelength of the expected radiation, Stefan-
Boltzmann’s law changes to a two or one dimensional case with a drastic reduction of the
heat loss. In this case the two cross-sectional dimensions of the wire are far below 400 nm
which is at the lower end of the visual spectrum. This changes the case to a one dimensional
version of the radiation law, where the energy losses are only proportional to the square of the
temperature instead of the fourth power law in three dimensions. This leads to drastically
reduced radiation losses on the order of 10–33 J, which is negligible as compared to an applied
Joule heating energy in the range of 10–8 J.
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The heat current density for such nano-dimensional objects strongly depends on the mech-
anism of the heat carrier scattering. Experimental studies have shown, that the thermal
conductivity of nanowires with dimensions below 200 nm is more than twice as big as the
value for bulk material [231, 232].

However, there are still no studies on ITO nanowires in the literature but it could be
translated from other materials that the heat conductivity of ITO-nanowires is smaller than
assumed. This yields to a faster heating and to a slower cooling. Other size effects, e.g.
mechanical and electrical properties could not be studied in this work.



5 Summary and Outlook

5.1 Summary

This thesis is a journey from laser material nanoprocessing toward its integration into
microsystem techniques and processes for applications in device fabrication. After a brief
general introduction in Chapter 1, Chapter 2 describes the history of laser technology, par-
ticularly the technical developments from continuous wave lasers towards pulsed lasers. The
underlying physical principles of laser-material interaction are described, with a particular
focus on pulsed lasers and on the transition from single pulse regime to pulse trains.

One of the methods to achieve structure definition below the diffraction limit is the appli-
cation of very high light intensities to trigger nonlinear effects. A powerful tool to do this is
the use of ultra-short light pulses as generated e.g. in femtosecond lasers, which offers very
high transient intensities in the range of TW. The laser pulse duration is called ultra-short
if it is shorter than the time for major relaxation processes in the material. The frequency
of pulses, known as repetition rate, has also a strong impact on the way of interaction. An-
other important parameter is the pulse length, which correlates with the peak power and the
fluence of the laser and also directly with the interaction process.

This thesis concentrates on thin film laser processing, being different from bulk material
processing. More specifically the focus is on structuring of sputtered indium tin oxide thin
films (ITO) as a functional material for further applications. Material structuring experi-
ments yield very interesting results, including the possibility of submicron laser structuring
which can be extended into the sub-100 nm range.

The last Section of Chapter 2 describes the materials and their parameters used in this
work, particularly indium tin oxide (ITO) Some properties were characterized during this
project, some others were just taken from the literature to be used in design-oriented simu-
lations.

Chapter 3 gives an overview of the utilized laser setup as well as characterization methods,
which were applied to materials and fabricated chips and devices. Hereby, relevant properties
of the used materials were characterized through structural, optical, electrical, topographical,
and mechanical analyses. The device characterization was more straightforward and in form
of electrical I/V measurements or impedance spectroscopy.

Chapter 4 includes all results achieved in this work. The laser structuring of ITO with
a tightly focused sub-15 femtosecond near infrared laser light through the back of a glass
substrate and with a high repetition rate of 85 MHz exhibits three different regimes, resulting
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in total ablation, periodic nanocuts, and recrystallizations, depending on the laser intensity
or rather fluence.

Total ablation occurs in the whole spot sized region and even more up to the micrometer
range. Two recent structuring methods can be controlled in such a way to reach sub-100 nm
lateral dimensions. Concerning nanocuts the orientation of the cuts can be controlled by
the polarization of the laser beam. In case of periodic nanocuts, characteristic dimensions
of sub-20 nm for each cut were achieved even as coherent coalescent periodic cuts with an
extreme aspect ratio of 1000 (see Addendum I). The modifications in case of recrystallization
were released in form of ITO wires with lateral dimensions of 700 nm to sub-60 nm and with
aspect ratios of more than 100 (see Addendum I).

The following parts in Chapter 4 are more application oriented. Each application is struc-
tured in an introductory part and an addendum describing the results in form of a journal
publication or a manuscript. Addendum II presents the first application as nanomodifica-
tions on fabricated and SMD bonded micro multielectrode arrays for medical applications.
An optimization of the laser structuring method resulted in sub-20 nm wide periodic nanocuts
within the ITO electrodes perpendicular to the laser polarization. These sub-20 nm nanocuts
were controlled to be as single cuts or to be generated as coherent coalesced nanocuts of many
micrometers in length over the whole surface of an electrode. The impact of these modifi-
cations on the impedance of bioelectrodes was measured by impedance spectroscopy (see
Addendum II). The application in addendum III is based on the top-down fabrication of
nanowires through laser modification and subsequent etching, applied for a gas sensor with
self heating effect. In the fourth publication, the idea of a self-heated resistive gas sensor for
detection of oxidizing gases made of single ITO nanowire was demonstrated by means of NO2
with a sensitivity in the ppb range and a power consumption in the lower milliwatt range.
In Addendum IV such ITO nanowires are released from the substrate and fabricated in form
of freestanding nanowires with lengths up to 30µm and widths down to 150 nm, possessing
lateral aspect ratios in excess of 100. For this purpose a standard surface nanomachining
technique that includes the use of a sacrificial layer was utilized. Sputter deposited AlN was
used as transparent sacrificial layer, which can be etched selectively to ITO.

5.2 Outlook

The laser methods presented in this study are a novel and highly interesting way for the
fabrication of nanostructures in microchips. They can be used already in small batch sizes
in a nearly personalized way.

Presently this process is still mostly manual and rather tricky. It would be highly desirable
to go from manual focusing towards auto-focusing by using a closed loop adjustment system
between the piezo actuator and the light intensity of the spot measured by the CCD-camera
or an extra photodiode.
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More material related studies, e.g. on the impact of film thickness and texture on the
results would be helpful to achieve a higher reproducibility. Furthermore, a transfer from
ITO to other thin films with additional piezoelectric properties such as Al:ZnO is very inter-
esting.

In context with the applications presented in this work, the following further steps are
highly interesting:

• In case of modified bioelectrodes, the surface may play an important role for cell adhe-
sion and cell growth. An experiment to detect near field optical or electrical polarizing
effects of such laser-modified electrodes can be undertaken at different wavelengths and
in contact with living cells. Such nanopatterned trenches could also be covered with
solid state semiconductor materials in a CVD or PVD process for solar cell applications.
This would increase the surface area and lower the contact resistanc, thus improving
the performance.

• In case of nanowire gas sensors, future efforts should focus on the fabricating of freely
suspended structures with reduced width and thickness, increasing the surface-to-
volume ratio of the sensor, thus inducing more effective self-heating and lower energy
consumption. More importantly it is expected that these steps will increase the gas-
detection sensitivity even more and further reduce response and recovery times. Future
research should also clarify the dependence of the self-heating temperature on heating
power, especially with respect to the stability of the NWs. It should optimize the sensor
and measurement methods with the aim of obtaining short response times at higher
temperatures and with much lower power consumption.

• Concerning the laser assisted fabrication of freestanding nanowires, the prove of princi-
ple was successfully demonstrated. A logical next step which, in the framework of this
work was only omitted for lack of time, is the characterization of their gas responsivity.
Furthermore, steps for using them as nanoresonators should be undertaken.

• From the physical point of view it would be very interesting to make extremely small
structures in the lower nanometer range, where size effects can be expected.
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