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ABSTRACT

In this thesis research, is presented the study and development of
the first photoconductive antenna for generating Terahertz (THz),
made of a Gallium Arsenide (GaAs) substrate, treated with femtosec-
ond laser pulses, demonstrating increased performance compared
to non-ablated antennas. Ripples are observed on the surface of the
device after the laser ablation and we assume they are responsible
for the increased performance. They are studied theoretically and
experimentally, in order to explain this behavior. For the first time, a
theoretical model is made to study GaAs ultrafast dynamics under
irradiation of femtosecond laser pulses. In this model, energy balance
equations are used to explain the ultrashort time-scales and evolu-
tion of dynamics. They are resolved numerically due to their coupled
non-linear complexity, while the stability of the solution is ensured.
Evolution of carrier density, electron and lattice temperature are the
measured variables in order to obtain the thermal response of GaAs.
The optical properties with dependence to fluence and pulse duration
of the laser are studied, namely reflectivity and dielectric constant.
The ripple wavelength is numerically calculated from our model and
compared to our experimental data. The material’s damage threshold
dependence on laser pulse duration was also calculated.

A parametric analysis based on the properties of the ablation laser
pulse and how it affects the ripples was performed and the measured
properties are the applied power intensity, the overlapping area on
each spot, polarization angle and number of pulses per spot. In the
last chapter, using THz-TDS setup, the laser ablated GaAs antenna
is measured for its THz generation performance and compared to
a non-ablated antenna. Despite higher THz efficiency the following
I-V measurements of the photocurrent, return lower values. To ex-
plain this discrepancy, an Optical Pump THz Probe (OPTP) setup is
used to measure the excited carrier lifetime and photoconductivity.
Complementary, Fourier Transform Infrared (FTIR) measurements
are performed, to confirm higher photo-absorption and Hall effect
measurements are made for measuring the level of doping, sheet
concentration and carrier mobility.
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FUNDAMENTALS

1.1 THZ RADIATION

1.1.1  Intro

The electromagnetic spectrum includes groups of frequencies that are
categorized in microwaves, infrared radiation, visible light, ultraviolet
light, X-rays and gamma-rays. Higher than the microwave and lower
than the infrared frequencies a group called THz radiation exists (Fig.
1.1). The properties of this radiation is defined by its frequency at
1THz, has a wavelength of 300um, a period of 1ps, a photon energy
of 4.1meV, a wave number of 33cm !, and a black body temperature
of 9.6K. Terahertz waves have the same abilities as other frequencies,
they can create photos by interacting with matter like visible light,
create shapes passing through organisms or items like X-rays, and
be the carrier of data like microwaves in telecommunications. Every
object at room temperature produces black body radiation that is
partially in the THz spectrum, thus producing THz. One more natu-
rally occurring source is the background cosmic radiation that reaches
the earth, which is also partially in the THz spectrum (Fig. 1.2). The
aforementioned sources and many others are incoherent and cannot
be exploited. Most of the THz spectrum was not utilized up until re-
cently, because of absence of devices that could produce THz signals
in a controlled manner nor devices that could detect and record such
signals. That’s the reason the part of frequency between microwaves

electronics photonics
(classic theory) (quantum theory)
radio microwaves ir uv X-ray —gamma-ray
visible
| | | | /N | l | | | .
T T T T N T T T ”
100 108 108 10° 1012 1015 1018 10% 10%
kilo mega giga tera peta exa zetta  yotta

Frequency (Hz)

Figure 1.1: THz gap - spectrum
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Figure 1.2: Cosmic and Black body radiation in the THz band

and infrared was called the THz gap. The first images generated by
frequencies in this gap was in the 1960s and since then focused efforts
have been made to fill in the gap. In 1995 those efforts have resulted
in the birth of THz-TDS that fueled the interest in the field even more.
The broad spectrum of applications that have emerged from the THz
research is found in spectroscopy, medicine, microelectronics, agri-
culture, forensics/security and an expanding list of fields. Maxwell
equations express the properties and behaviour of THz in the same
way as to all other electromagnetic waves in the spectrum. Although
there is a continuum in the electromagnetic spectrum THz are in a
transition band of frequencies and they are more difficult to handle
compared to its neighbouring frequencies. In scientific research the
spectrum with lower frequencies than THz is the field of electronics
and the higher side of the spectrum is the field of photonics/optics
Fig a.1. As the name of the fields states, the mechanisms to generate
radiation from each field are different. In the optics field a photon is
produced from an electron during its transition from a higher energy
state to a lower energy state, while in the electronics field the photon is
produced by the electron while it oscillates in a circuit, Figure a.3. The
differences between the two fields are summarized in table a.1. Neither
of those fields can be used to approximate the behavior of THz waves.
Understanding and utilizing THz waves requires novel techniques and
tools to be developed. The drift motion of carriers in general is the
source of electric wave generation. In the case of a typical RF device it
is not possible to generate radiation with frequencies exceeding a few
hundreds of GHz because THz are above the limit that the motion of
carriers can oscillate. As mentioned before most of the generated light
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Figure 1.3: Mechanisms in the generation of (a) optical waves and (b) electro-
magnetic waves

Electromagnetics Optics
Name Electromagnetic waves Optical waves
Principle Maxwell equations Schrodinger equations
Emission Classical movement Quantum transition
Measurement Electric field Intensity
Tools Circuit, antenna, waveguide Lens, mirror, fiber
Approximation Uniform field Uniform medium

Table 1.1: Comparing of electromagnetics and optics

comes from the carrier transition between different energy states with
few exceptions such as synchrotron, Bremsstrahlung and black-body
radiation. If the difference of the states is equal to a photon in the THz
range, the energy is low enough that thermal relaxation can make it
difficult to distinguish. Incompatibilities with optical and electromag-
netic techniques can be found in the mediums and tools used, such as
metallic wave-guides for microwave transport and optical fibers for
light transport exhibit high losses in THz transport.

1.1.2  Generation and Detection of THz Waves

THz waves are mostly generated and detected by the same mecha-
nisms and in the following paragraphs some of them will be presented.
A common system in science for generation and detection of pulsed
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THz is the Pump-Probe (PP) setup. In general doing a PP measurement
requires a laser source that produces a train of pulses with pico to fs
pulse duration. The beam is divided into two, pump and probe with
the first generating THz while the lateral temporally sampling the THz
field intensity creating the pulse profile. For the temporal sampling a
mechanical delay line is utilized to create variation in the time of flight
between pump and probe. A mechanical or electric modulation of the
generated THz through an optical chopper or a function generator on
the THz antenna, respectively can increase the sensitivity when the
signal is sent to a Lock-in-amplifier. The resulted signal is usually
few picoseconds long and can be further processed under Fourier
transform to obtain the frequency spectrum of the pulse.

1.1.2.1  Photoconductive Antenna

In our experimental setup the generation of THz waves is done by
using a photoconductive antenna PCA. It is commonly used for THz se-
tups, both in detection and generation. Upon irradiation of the antenna
by ultrafast laser pulses, excited photocarriers are accelerated by an
electric field generating a transient photocurrent pulse that emits THz
waves. In the following Fig b.1 is demonstrated how a PCA works for a
timescale of generating a THz pulse. It consists of two conductive con-
tacts, usually made from metal like gold, spaced apart by few tenths or
hundreds of micrometers, sitting on a semi-insulating semiconductor
substrate like GaAs, as in our experiment. In the process of generating
THz waves a voltage is applied between the contacts without causing
electric current flow because the semiconductor is Semi-Insulating (SI).
The ultrafast laser pulse is acting as a switch to release the energy
stored in the gap between the contacts, as THz radiation. Since the THz
photon is emitted with direction perpendicular to the transient current,
the polarization of the pulse is parallel the the electric field in the gap.
For the carriers to get excited the laser photon energy must be higher
than the semiconductor band gap. For photons with energy lower than
the band-gap there can be excitation through multiphoton absorption
if the laser intensity on the semiconductor surface is high enough. The
generated free carriers that are accelerated by the electric field of the
applied bias on the electrodes, are not moving all with the same flow
rate. Electrons, having higher mobility than holes, are accounted for
the total transient current generation while the hole transient current
contribution is much lower and can be neglected. The transient pho-
tocurrent has temporal variation, producing electromagnetic waves,
THz pulses.
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Figure 1.4: [llustrative example of pulsed THz generation in a
PCA.(a)Femtosecond optical pulse propagates into the photo-
conductor, generates a transient photocurrent, which drives the
antenna, and is re-emitted as a broadband THz pulse. (b—e) Time
profile of the carrier generation (red trace) and photocurrent in
the antenna gap for photoconductive material (gray trace) for
short-carrier lifetime and (blue trace) for long carrier lifetime.[1]
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The optical pulse energy is not responsible for the energy of the
energy of the THz pulse but rather from the electric energy stored in the
electrode gap. Since the pulse energy of excitation laser is not limiting
the pulse energy of THz waves it can be accomplished larger than
one in the quantum conversion efficiency of optical to THz radiation.
Although, the excitation laser pulse energy has a direct effect on the
pulse energy of THz radiation. The stored energy is released when
the material is excited, in the form of THz radiation. The emitted THz
radiation coming from the stored energy is analogous to the produced
photocarrieres and for weak excitations the THz energy is proportional
to the energy of the laser pulse. The relation of the external electric
field and the THz field is linear, along with the laser pulse energy
but only when the applied field is low. As soon as free carriers are
generated during excitation the previous semi conductive substrate of
the PCA becomes conductive. As a consequence the externally applied
electric field is screened by the induced field. In the case of high laser
excitation the THz field get saturated. To compensate the saturation, a
higher bias could be applied but a threshold of dielectric breakdown
of the substrate is a limiting the increase. There are two ways of
a PCA can breakdown, thermal and field induced breakdown. The
later happens when the bias field exceeds the breakdown limit of the
substrate semiconductor, in our case GaAs at 400kV /cm. This happens
immediately, triggering a field-induced avalanche. Thermal induced
breakdown happens when the generated photocurrent increases the
temperature of the substrate. The temperature has an inverse relation
to the resistivity of the material, that causes further increase in the
current flow. Contrary to field induced breakdown, thermal happens
in much longer time timescale, of few tens of seconds. Thermal is
the most common induced breakdown but field can occur when the
gap is small or the bias very high. A PCA besides generating THz
waves can be used to detect them, by reconnecting the electrodes from
a voltage source to a current detector. In this case the laser pulse
excites the material creating free carriers in the substrate. A THz pulse
arrives before the electrons and holes recombine, applying an electric
field equal to the temporal electric field of the THz pulse, accelerating
the electrons towards the electrodes creating a transient current. By
changing the temporal delay of the carrier exciting pulse and the THz
pulse, a measurement of the intensity of the current at each time will
give an equivalent measurement of the temporal profile of the THz
electric field.

In Fig.1.5 is presented a typical THz pulse in the time domain. The
period is close to 1ps but usually have oscillation duration of under
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Figure 1.5: Temporal waveform of a THz pulse

one cycle or few cycles. In the measurement of THz pulses it is about
the field and not the intensity. Along with the amplitude the phase
is also measured, which is challenging in optics measurements. The
main parameters that affect the performance of a PCA antenna are the
semiconductor used for the substrate, properties of the excitation laser
pulse, the geometry of the antenna and the active area. Short carrier
lifetime is increasing the response speed of the PCA, therefore materials
with such properties are chosen like Low Temperature (LT)-GaAs or
doped silicon. In order to detect or generate THz waves with high
frequency components, high response speed is required. Increased
carrier mobility contributes to more efficient THz pulse generation.
Between the electrodes is a gap, where the laser pulse is absorbed and
it’s the active region of the PCA where THz waves are generated and
detected. The field distribution across the gap can be optimized to
increase the field breakdown, for higher intensity THz pulse generation
[2]. The focal position of the laser pulse can also have an impact of the
THz efficiency. Closer to the anode electrode, the slope of the electric
field has the highest value causing greater THz wave production [3],
but may cause lower breakdown voltage. Using low power laser pulse
on smaller gaps, PCA can become more sensitive. On the other hand
high power laser pulse on a large gap that accepts higher bias field, can
result in higher power THz pulse. By increasing the active area it might
increase the screening reaction. Depending the desired frequency
response of the antenna the correct shape should be selected. Divided
in two groups, antenna shapes are resonant and non-resonant. This
shape is defining the coupling of THz waves generated in the substrate
and propagation in free space. Resonant antennas are designed to
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Figure 1.6: An electron (purple) is being pushed side-to-side by a
sinusoidally-oscillating force, i.e. the light’s electric field. But
because the electron is in an anharmonic potential (black curve),
the electron motion is not sinusoidal. The three arrows show
the Fourier series of the motion: The blue arrow corresponds
to ordinary (linear) susceptibility, the green arrow corresponds
to second-harmonic generation, and the red arrow corresponds
to optical rectification. (When there is no oscillating force, the
electron sits at the potential minimum, but when there is an oscil-
lating force, it is, on average, further to the right, by an amount
shown by the red arrow.)

generate THz waves of a narrow region of frequencies, mostly shaped
in a dipole form. Non-resonant antennas are designed having a width
that varies, focusing on producing broadband frequency response.
Few of the geometries used for these antennas are bowtie, as the
one we are using, logarithmic periodic and spiral. For enhancing the
coupling coefficient of THz waves, a silicon hemispheric lens can be
mounted on the antenna.

1.1.2.2  Optical Rectification

Optical rectification can be intuitively explained in terms of the symme-
try properties of the non-linear medium: in the presence of a preferred
internal direction, the polarization will not reverse its sign at the same
time as the driving field. If the latter is represented by a sinusoidal
wave, then an average DC polarization will be generated. Optical
rectification can turn a sinusoidal electric field into a DC polarization,
but not a DC current. On the other hand, a changing polarization is
a kind of current. Therefore, if the incident light is getting more and
more intense, optical rectification causes a DC current, while if the
light is getting less and less intense, optical rectification causes a DC
current in the opposite direction. But again, if the light intensity is
constant, optical rectification cannot cause a DC current. When the
applied electric field is delivered by a femtosecond-pulse-width laser,
the spectral bandwidth associated with such short pulses is very large.
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The mixing of different frequency components produces a beating
polarization, which results in the emission of electromagnetic waves in
the terahertz region. The EOR effect is somewhat similar to a classical
electrodynamic emission of radiation by an accelerating/decelerating
charge, except that here the charges are in a bound dipole form and
the THz generation depends on the second order susceptibility of the
nonlinear optical medium. A popular material for generating radiation
in the 0.5 — 3T Hz range (1mm wavelength) is Zinc Telluride (ZnTe).

1.1.2.3 Electro-optical Sampling

The EO sampling is a method of measuring the THz pulse field by
using a crystal. A probe laser beam passes through the crystal with
spatiotemporal overlap with a THz pulse. The polarization ellipsoid
of the refractive index of the EO crystal is altered by the electric
field of the THz pulse, inducing a phase change of the probe beam.
As the THz pulse propagates through the EO crystal, birefringence
(Fig.1.7) is introduced, which alters the polarization of the probe beam,
having a Pockels electro-optic effect Fig.1.8. The beam is split in two
new beams, of S and P polarization, by an analyzer, for instance a
Wollaston prism. In this way any polarization change is transformed
in intensity change for the S and P polarization beams. The main
methods used with EO sampling are two, with a balanced detector
and the cross measurement.

The balanced detector uses two photodiodes and measures directly
the electric field of the THz pulse while giving higher signal. Cross
measurement uses a similar setup with the balanced but one photodi-
ode. For our measurements we used a balanced detector Fig.??. For
this measurement the linearly polarized probe beam, passes through
the EO crystal, a zinc blende crystal which is a ZnTe crystal in our
measurements, and is altered to elliptical polarization from the EO
mechanism. Before entering the analyzer, a quarter-waveplate rotates
the polarization of the probe beam. The probe beam is split into S and
P polarization components in the analyzer. Intensity of both beams
is measured by a pair of balanced photodiodes by measuring the
photocurrent produced in the detector. When there is no THz field the
photodiodes are set to measure the same intensity for S and P, thus
the difference is zero. When the THz pulse acts on the EO crystal, polar-
ization of the probe beam changes so does the the S and P difference
on the photodetector. The measured signal is the direct measurement
of the THz pulse field.

11
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In the cross measurement the positions and the elements used are
different from the balance method. The polarizer positioned before
the EO crystal is set cross to the analyzer and a quarter-waveplate
is not used. As the probe beam is biased with a polarization angle
perpendicular to the analyzer and the EO crystal doesn’t have any
effect on it, it is screened on one polarization mode when passing
through the analyzer and the measurement is zero on the single
photodetector that is on the beam path of this polarization mode (S or
P). When the THz pulse is present, the polarization of the probe beam
changes, which permits the beam to pass through the analyzer and
a signal is measured. This is proportional to the intensity of the THz
pulse. In the aforementioned EO measurement it is assumed a constant
electric field, but in THz pulses where the electric field is transient a
phase matching condition should be applied.

1.1.3 Spectroscopy

Few decades of research and development have passed since the
first THz antennas and detectors appeared. While they are still in an
early stage, when they become affordable and available for wider use
scientists will seek for new applications . Currently the applications
are grouped in two main categories, THz spectroscopy and imaging.
Since this research is focused on the primary we are not going to
advance the lateral but focus in spectroscopy. In the following section
we are going to discuss about the technique that is mainly employed
in THz wave spectroscopy and that is the THz-TDS technique.

1.1.3.1 THz Time-Domain Spectroscopy

In a system that produces pulsed THz waves a pulsed laser probe
beam is used to sample the THz waveform. An oscillator laser source
is producing a train of pulses and this beam is split in two sub beams,
the pump and the probe. The former has usually higher power and
is used to generate THz waves while the later, with lower power is
used for detecting and measuring the THz pulse. They have similar
temporal waveform due to the same origin. The probe beam travels
through a delay line, that varies the time of arrival on the THz detector
between the two pulses, making it possible to record the electric field
as a function of time. From the time domain E(t) we can switch to

13
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Figure 1.9: Basic elements in EO sampling

the frequency domain E(w) through the Fourier transform, which
provides access to the spectral properties of the THz waves.

E(w) = A(w)e @) = /th(t)e‘i“’t (1.1)

The products of the Fourier transform is the THz field with a com-
plex value, of amplitude and phase. The bandwidth varies from o.1
THz to above 100 THz, which is the defined THz range and is dependent
on the source of generation. We can obtain the frequency response of
a material for a bandwidth range defined by the THz pulse, after mea-
suring the waveform of the pulse and converting it to the spectrum
through Eq.1.1. Considering that the measurements are taken in dif-
ferent time steps, it is expected that the given name of this technique
is Time Domain Spectroscopy (TDS). After the Fourier transform to
the frequency domain, the spectral response of the THz generating
antenna is shown in Fig.1.9.

The delay temporal scanning range AT defines the spectral resolu-
tion dw while the temporal scanning step size 5t defines the spectral
bandwidth AQ) of the THz-TDS. The spectral values are explained by

2
ow :Tn
o (1.2)

A mathematical technique called zero padding is used in Fast
Fourier Transform (FFT), in order to increase the smoothness of the
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THz spectrum. In this method a large number of zeros is added to
the end (or both sides) of the waveform of the THz pulse, therefore
increasing the temporal scanning range and increasing the intensity of
the data points. Since the added zeros do not provide any additional
information the resulted spectral resolution is the same. In order to
study the spectral response of a sample, the response of free space
should be measured initially, which is the THz waveform without the
sample. This is the reference waveform, while the waveform captured
when THz interacts with the sample is the signal waveform and by
applying FFT on those, we receive the reference and signal spectrum
respectively. The real sample spectral response is given by the differ-
ence of the two signals. Both phase and amplitude of the electric field
of the THz pulse are measured using this technique, which enables to
acquire the absorption and refraction of the sample.

Some benefits of using THz-TDS is that it has coherent spectroscopic
detection for a broad range of THz, that is difficult to acquire with
other techniques. Due to the short duration of the THz pulse, on the
ps scale, it gives access to high temporal resolution. Because a Lock-In
amplifier is used it has high Signal to Noise Ratio (SNR).

Some of the drawbacks of the current technology THz-TDS are the
slow measurements, because temporal sampling the THz wave requires
some time for every stem of the delay line. Also the relatively short
length of the delay line is limiting the temporal scanning range which
is limiting the spectral resolution. Although we could increase the
scanning range it would substantially increase the time required to
complete the measurement. In a typical THz-TDS measurement the
spectral bandwidth varies from 0.1 to 5 THz but can be increased up to
100 THz, by using much shorter laser excitation pulses and decreasing
the thickness of the substrate of the THz generation or detection EO
crystal. For a broad bandwidth THz-TDS measurement the dynamic
range will be limited.

1.1.4 Applications

There are two main branches that THz applications are been separated:
in communications and sensing. An advanced scientific technique
to analyze a large variety of materials are THz-TDS and Frequency-
Domain Spectroscopy (FDS). There is a broad field of applications
of THz technology in telecommunications and information technol-
ogy, including space communications, wireless communications and
high-speed data processing. Furthermore THz sensing devices have
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been developed providing exceptional efficiency in numerous research
fields some of which are material science, physics, medical science,
biology, medication evaluation, astronomy, environmental monitor-
ing, body scan security and industrial non-intrusive defect detection.
Plenty of cases can be found [4-6] in all areas of study: explosive
analysis, carcinoma diagnosis, DNA microprocessors, Large-Scale In-
tegration (LSI) microchip inspection and plenty more. An abundance
of applications can be developed from the combination of the above
research fields. For example, the use of a THz detector, large analyzer
networks and selective communication to materialize recognition tech-
niques established on physical and behavioural human features, in
biometrics.

1.1.4.1 Biological, medical and pharmaceutical sciences

Numerous materials have been studied by THz-TDS since its invention,
in the beginning of 9os [7—10], some of them are cancer cells, DNA,
pharmaceutical-drugs, biomolecules, bacteria and proteins. Something
that needs often clarification is the difference between the way infor-
mation is given in THz spectroscopy and in infrared spectroscopy.
The spatial scale of those measurements has few orders of magni-
tude difference, thus in infrared spectroscopy owning smaller wave-
length is used to measure intramolecular mode vibrations, while THz
spectroscopy owning larger wavelength has the ability to measure
intermolecular vibrations of certain organic molecules and chemicals
[11]. Extended research on intermolecular modes will probably ex-
plain in detail the greater bio-molecule dynamics, leading to better
understanding of the processes in living organisms. Classification
of polymorphs in pharmaceutics is an additional application [12].
Under heat processing a structure modification is observed in bar-
bital (an ahypnotic drug),which can be seen in the THz absorption
spectrum as shown in Fig. 1.10. In the Fourier-transform far infrared
spectroscopy (FT-FIR) area any differences are barely visible, contrary
to the TDS area where the differences are well defined. It is of great
significance, employing research on different type of cancers, proteins,
DNA and more biomolecules. Functional applications are expected
to encounter challenges for the time being, albeit the disparity of
denatured from hybridized DNA that has been published, which can
lead in exploration of building label free DNA microchips. Research is
done on the aforementioned and similar biomolecules. THz imaging
and spectroscopy have been utilized in various research cases for the
detection of cancer [5]. Since the energy of THz waves falls to the
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region of various molecular vibrations it is expected that they will be
absorbed, with higher efficiency in polar molecules, like water. Cancer
cells have other hydration concentrations than normal tissue cells and
this difference produces unexpected reflections in the measurement,
making them visible. The spatial resolution for this measurement is
40um and 350um for the depth and the surface plane respectively,
with the ability to measure a depth of up to 1mm from the surface of
the skin. Identification of cancer cells is possible inside frozen tissue,
considering that ice has a THz transmission exceeding that of liquid
or vapor water. Similarly to water that is able to absorb THz waves
efficiently, other liquids with polar properties make it complicated to
make THz measurements of bio-materials that have been dissolved
in such liquids. Time-Domain Attenuated Total Reflection (TD-ATR)
spectroscopy which was invented and demonstrated is a great ad-
vance in the field [14]. In this technique the THz waves are traversing
through a Dove prism, exciting an evanescent field on the surface of
the prism. The field will be affected by a presence of a sample on the
surface of the prism and the measured TDS signal between having
or not a sample, will provide a measurable phase and reflectivity
difference. This will allow the investigation of molecules dissolved in
liquids and their dynamics in accordance to various characteristics,
like hydration dependence [15]. In a comparison of relaxation times
the surface of biomolecules will bind with hydrated molecules for
up to 107s while this time will be much longer in many picoseconds
between bulk water and hydrated molecules. The solvation number
can be considered by measuring the dielectric constant at the spectral
range of THz waves, which can be demonstrated by the use of TD-ATR
making it an important asset in the field of biomedical studies.

1.1.4.2 Semiconductor and other industrial applications

A great amount of studies has been performed on identifying material
properties [16—19], that can be exploited for novel industrial appli-
cations, as for example examination of photovoltaic panels, dielec-
tric/polymer films and nanocomposite. Further advances with THz
techniques on semiconductor applications will promote the THz em-
ployment. Previous works on measuring different properties of semi-
conductor wafers, in particular carrier density, conductivity, plasma
oscillations and mobility, with the use THz-TDS have been performed
[20, 21].

A powerful characteristic is the capability of imaging. For instance,
the degree of doping of ion-implanted wafers can be imaged. In
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LSI microchip fabrication, a defect detection mechanism would be
of utmost importance for advancing in next-generation devices. A
potential method in evaluating the position of a defect spot and a
great advance in technology would be Laser Terahertz Emission Mi-
croscopy (LTEM). The space shuttle insulation material was examined,
with the use of THz imaging which was the superior choice for its
non-intrusive measurements on the sample. In this study the results
showed that the method has the ability to identify weakness points in
the thermal-insulating plates, like structural gaps [22], and since has
been standardized as the default inspection process. The characteristic
property of water, being opaque in the THz waves, can be exploited in
agriculture and food industry, for detecting spoiled food and tracking
hydration levels in fresh products.

1.1.4.3 Security

Each material has a characteristic response to certain frequencies.
Those frequencies fall in the THz region for narcotics and explosives
enabling THz spectroscopy to be used in security and threat detec-
tion. Each characteristic signature found in the measured spectrum
determines the presence of a chemical compound in the sample. Cer-
tainly explosives and illegal drugs can be identified and separated
from harmless mixtures. Paper material in envelopes is transparent to
frequencies lower than 3.0T Hz making it possible to “look” inside the
mail without opening the envelope, by acquiring THz multispectral
images and and component spatial-pattern analysis [22] (Fig. 1.11a).
Another THz real time imaging mechanism is available from the use
of Quantum Cascade Lasers (QCLs). Fingerprint imaging is displayed
in Fig. 1.11b using a polyethylene wedge, owning ripple spatial peri-
odicity of approximately 500um from peak to peak. The same method
could be applied for reading a note that is inside a paper cover. Ex-
tended studies in real-time monitoring are available in reference [23].
It has been of unprecedented technological significance the creation
of a THz camera with focal-plane array. Samples could be imaged
inside smoke and fog, independent of the background illumination,
by the use of such camera. Applications in airport security has already
been used by incorporating a heterodyne detection method with an
SBD array with a silicon photonic-bandgap crystal, running at 0.5THz,
forming a passive THz camera. Bio-metrics could also be measured
by utilizing an active THz camera that could be used in additional
applications. Although there is a large range of applications that could
use THz, there are few security applications that need detection from
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Figure 1.11: Terahertz narcotic detection a) THz image (upper) and photo-
graph (lower) of specimens under inspection. Codeine, cocaine
and sucrose are hidden in the envelope and can be identified
using THz-TDS by their own THz signatures. Image courtesy
of Kodo Kawase, RIKEN. b) Visible frequency thumb print and
real-time THz reflection mode image of the print. The real-time
THz images can be obtained by a 4.3THz and a 320 x 240 mi-
crobolometer focal-plane array at an acquisition rate of 20-frames

per second. As seen in [13]
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far away and due to the high absorption of THz by water, the signal
is significantly attenuated, by traveling in air due to the presence of
water molecules. A newly presented technique used air plasma for
remote-controlled THz excitation. Next to the sample a high power
femtosecond laser beam is focused, producing ambient plasma, which
in turn excite THz pulses and like in the THz-TDS method, it detects
the reflection of the sample [22]. THz sensing, utilized for identifying
dangerous gases is predicted of getting more popular. An example is
an application in fire sites with concrete walls where the already used
IR gas detection methods are unable to penetrate the walls while in
contrary THz could potentially perform such task.
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1.1.4.4 Information and communication technology

THz applications have the capacity to progress in the Information and
Communications Technology (ICT) market. The need for faster con-
nections with greater data bandwidth has been in continuous growth
in the last years. Along with the bandwidth, the carrier frequency
of connections has been increasing as the the change dependency
between them is analogous. In comparison the wired communications
have been advanced from copper to fiber mediums, increasing the
bandwidth many folds, but in contrary the wireless communications
have been relatively static to using microwave frequencies. A step
forward, towards THz-ICT could increase the speeds and bandwidth of
one or two fold, matching speeds of single fibers and providing access
to higher efficiency telecommunication applications. Some examples
are high speed public access points in urban areas, telemedicine ultra
high definition streaming connections, high bandwidth video trans-
mission in motor-sports and other sports and the ability to cover the
data rate demand with less transmission hardware. A step towards
accomplishing such devices is done with the use of Uni-Traveling-
Carrier Photodiodes (UTC-PDs) being able to generate waves with
spectral response on the sub-THz region. An experimental setup has
been demonstrated, with capabilities of over 10Gbit/s, operating at
the frequency of 120GHz (ref. [24]), offering speeds equal to trans-
ferring a ordinary sized movie in few seconds. It is expected that in
the upcoming years the bandwidth will reach 40Gbit/s, effectively
doubling the current maximum carrier frequency. With increasing
attenuation at higher frequencies the technology will be limited to
indoor, short range wireless connections. Quick advances are happen-
ing in THz-ICT essential components. An 8 — bit shift register has been
demonstrated by integrated single flux quantum circuits, with a cycle
of 120GHz (ref. [24]). At a higher frequency of 1THz, quantum wells
made of coupled InGaAs—AlAs—-AlAsSb perform all-optical switch-
ing (ref. [24]). While other accepted techniques are in development
utilizing Heterojunction Bipolar Transistors (HBTs) and High-Electron-
Mobility Transistors (HEMTs) [24]. This region is lacking essential com-
ponents, needed for the THz advancement, such as, waveguides, mod-
ulators and mirrors. Although the later two have seen some progress
by combining high-resistivity silicon with polypropylene to create
omnidirectional mirrors and efforts in THz modulation [25]. Sens-
ing applications and ICT can be equally benefited by the advances
in transport of THz waves. Attempts for creating THz waveguides
have been performed, using poly-carbonates and plastic fibres. Trans-
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porting THz waves with low attenuation and nearly no dispersion
was demonstrated on the surface of plain metal [25], which can be
described, using the analogy of a propagating electromagnetic wave
across the surface of a cylindrical conductor, as seen in Sommerfeld’s
research. This could enable the fabrication of beam splitters. A study
has proven that cylindrical-wire waveguides could have a better cou-
pling coefficient of THz pulses by the use of specific radially symmetric
photoconductive antennas[25].

1.1.4.5 Earth and space science

Various approaches have been made to protect the Earth and one tool
that could assist the monitoring of the environment could be THz tech-
nology. A NASA's satellite orbiting around the Earth since 2004 carries
the Earth Observing System Microwave Limb Sounder (EOS-MLS). It
is capable of taking a variety of measurements, like temperature,
presence of ice, clouds and many different atmospheric chemical com-
pounds [25]. The frequencies a heterodyne radiometer operates are
between 118GHz and 2.5THz, in order to evaluate the thermal emis-
sion. It is designed to examine situations of pollution in the upper
troposphere, measure how the climate is influenced from the atmo-
spheric composition and comprehend parameters of global warming
by collecting data on the ozone composition. Sitting atop of the Ata-
cama desert in south America, at an altitude of 5km the international
astronomy center, Atacama Large Millimetre Array (ALMA) is being
build. The extraordinary feature of this facility are the combined an-
tennas of great accuracy, accounting 80 pieces in total with 64 of them
having 12m diameter, that perform as a one antenna of extreme ac-
curacy with a hypothetical diameter of 14km. Its effective frequency
range will be of 30 — 950GHz in sensing electromagnetic waves that
pass through the atmosphere. The multipurpose of measuring those
frequencies lies in the information they can reveal on the yet unknown
cosmos, from the genesis of new stars, solar systems and galaxies to
alien life form molecules. Another satellite orbiting the Earth since
2006 is AKARI and is a tool for infrared astronomical observations
(refs [26, 27]). Its objective is the study of solar systems and evolution
of galaxies. Data is captured by two detectors that cover a wavelength
range, one camera in the IR from 1.7 to 14.1ym and the other in the
far-IR, overlapping with the THz region from 50 to 180um, ref. [28].
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1.1.4.6  Basic science

The characteristic energy of THz, few to many meV, falls in the re-
gion of low energy carrier dynamics of many materials, with one of
them being superconductors, which can be accessed by combining
THz spectroscopy with optical index analysis [29]. When photoex-
cited carriers in an electronic material undergo ultrafast modulation,
THz pulses are generated, that can be examined to extract spectro-
scopic information. Using this method, THz emission spectroscopy,
studies on several materials has been performed, like ferromagnet-
ics, manganites and some superconductors [30—33]. Through those
studies, it is visible that material characterization is one important
field of THz-TDS. The high temporal resolution remains one of the
most important advantages of THz-TDS, with values as low as the
pulse duration of the laser source, that can usually reach 10fs, en-
abling measurements of electron dynamics in a semiconductor [34].
Additionally with the use of pump/probe THz-TDS on a photo-excited
semiconductor, the temporal evolution of the dielectric function can
be obtained. An example is, an accumulated growth of electron-hole
plasma in solids, lasting for 100fs, that is exposed by a variation in
the dielectric value. Potential applications of these techniques could
include transient quantum physics, dynamic analysis of molecular
reactions in biochemistry and othe ultrafast studies. The nature of
light could potentially be investigated by using THz pulses. Some of
the research on this field presents results of group-velocity anomaly,
propagation in random media and multiple diffraction of light [35, 36].
Meta-materials with operating frequency in the THz region have been
fabricated, attracting interest [37-39]. In semiconductors the cyclotron
resonance can be investigated spectroscopically with the use of THz-
QCLs [40]. Although THz research has few years of development, a lot
of progress has been demonstrated already and the future prospects
have excited the scientific community of the applications and advances
to come.

1.2 LIGHT MATTER INTERACTION

Even in the beginning of lasers, it had been seen that the concentrated
light energy could influence the illuminated material significantly:
Damage to optical materials happened as a result of evaporation
and extraction of material from the target surface. During the first
observation of laser ablation, material was removed from a target
upon laser irradiation. Quickly,this observation was used for material
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processing in a more controlled way, e.g. in cutting without machinery,
which became the most common used method in the industry today.
Most of the early research and applications were performed utilizing
CO; lasers, and comprehended regarding the classic thermodynamic
processes, the laser being thought as source of high density heat.
Around thirty years prior, UV-laser removal from natural polymers
[1] was observed and it was proposed that laser ablation might be
more complicated than had been thought up to that point, including
quick melting and vaporization as well as electronic transitions. For
the next years, the ablation using lasers started to draw attention in
both applications but scientific study as well [2].Energy transfer when
the applied energy on a target overcomes the solid’s binding energy,
the result is decomposition or material removal from the solid target.
During a slow process of energy transfer to the material, that follows
thermodynamic equilibrium, the energy input AE has a complete
transform to temperature increase AT:

AE = cmAT (1.3)

(c and m are heat capacity and mass of the irradiated material re-
spectively). As can be seen in Fig. 1.12, a classical phase transition
can be induced by internal energy increase and seldom part of the
heated volume to get detached. Looking on an atomic scale, increase
in temperature is defined by increase of kinetic energy of atoms. En-
ergy input from classical heating where the atomic kinetic energy
comes from momentum transfer, as in phonon bath and ion impact, is
very different from laser heating: the laser photons interact with the
electrons of the solid, while any other motion related to the nucleus of
the atom is a process that follows. The processes are happening in a
chronological order, beginning with photon absorption, followed by
material extraction and lastly target relaxation. Since the timescale of
material modification (removal or transient band-structure changes)
happens after 150fs a shorter pulse can interact with an almost passive
target, providing access to material properties unaffected by absorp-
tion. Longer pulses will interact with the ablation process and partially
absorbed by the produced plasma plume.
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Figure 1.12: Energy input in material and phase transition.[41]

1.2.1 lon Emission: Ablation

1.2.1.1  Coulomb Explosion

A large amount of electrons are emitted when a laser irradiates a
target. It is estimated that this happens as soon as the laser pulse
arrives, at a short depth of the surface leaving positive holes behind.
The electrons from the bulk region, take about a picosecond to fill
the holes, for semiconductors [14,15] or dielectrics. For this amount
of time the surface area will stay positively charged. Under high
irradiation, a high hole density will be generated in this area, causing
electrostatic instability, leading to surface breaking apart and emission
of positive particles. This phenomenon where the Coulomb force leads
to massive electrostatic repulsion of charged particles on the surface
of the irradiated material is called Coulomb explosion [16-18]. An
electron bath could be generated after higher excitation is applied
and the hot carrier absorption becomes significant. Through electron-
phonon collisions the electron bath will quickly couple to the lattice,
increasing the temperature of the bulk.

1.2.1.2  Self-Organized Structure Formation and Transient Instability

Periodic Ripples

During the study of the surface of the substrate after many ablation
pulses, we observe a heavily altered morphology. Periodic parallel
wavelike formations have appeared, having wavelength below the
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excitation laser wavelength. Structures like these were first seen in the
early 7os [28,29], on targets that have been irradiated with nanosec-
ond laser pulses, named “ripples”. This was explained with a model
attributing the result to a modulated energy input, till the middle
of 8os, that was credited to the interference of the surface scattered
electromagnetic waves with the incident waves [30]. This model is
not compatible with features on structures generated after irradiation
with femtosecond pulses. Such structures include finer ripples with
much shorter wavelengths than of the excitation laser, bifurcations and
truncations and are not possible to be explained by plain interference
structures. Rather, self-organization from instability produces inter-
ference structures that are visually comparable. In order to create a
fitting model for self-organized structure formation it should be taken
into account the principles of nonlinear dynamics, that have already
been early approaches to design such models [6,32].

Polarization Dependence

The image we have on the ripple formation through self-organization
looks to be coherent, a specific property of this phenomenon remains
unexplained. Throughout the experiments it was observed a strong
relation between the polarization of excitation laser and the orientation
of the formed ripples. Also the type of polarization defines the shape
of the structures, linear produces straight ripples perpendicular to
the electric field of the laser, circular produces cones with a round
base while elliptic polarization is a combination between the two. It
is observed that the ripple direction is independent of the materials
crystal structure and follows the rotation of the polarization, when
rotated in respect to the target surface [5,32]. During this process the
last polarization angle defines the orientation of the ripple formation.
A surprising effect is the observed coherent continuity in the ripple
formation, under repetitive slightly overlapping laser pulses [41].

1.2.1.3 Overview

A logical order in the formation of nanostructures under femtosecond
laser irradiation, starts with a short duration laser pulse with high
energy density, that perturbs the electronic structure of the material,
initiating an instability phase which causes ablation/desorption. The
surface is getting rougher from the particle emission, leading to fur-
ther instability. At the same time the surface tension from the melted
material is opposed to roughness, by smoothing the surface and fur-
ther promoting instability. The time scale of this process is incredibly
short, along a great order-gradient to the non-irradiated surrounding
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Figure 1.13: Time line of excitation processes: after the arrival of the laser
pulse the ablation begins and almost at the same time the struc-
tural perturbation sets in [26,27,35-37]. (as seen in [42])

material, that demands extremely quick relaxation, in contrast to the
much slower equilibrium progress. Thus leading to self-organized
structure formation. Under a linear polarized laser source, the ripple
orientation sets perpendicular to the laser electric field. After thought-
ful examination of this hypothesis an inconsistency is exposed (see
Fig. 1.13): the laser polarization effect is on a very different time scale
that the structure formation. The process of structural perturbation
starts after the the pulse has already been absorbed, thus the motion
of atoms at the surface should not be affected by the electric field of
the pulse. Since the approach of “polarization memory”, lacks evi-
dence for a complete explanation, it remains open. A suggested theory
identifies surface plasmons excited by the incident pulse, which have a
comparable lifetime as the nanostructure formation time scale and are
oriented from the electric field. During the self-organized relaxation
process the atom diffusion direction is assisted from surface plasmon.

1.3 SEMICONDUCTORS AND THE BAND-GAP

Metals, semiconductors and semimetals have different carrier con-
centrations which are given in Fig. 1.14. The electrical resistivity of
semiconductors heavily depends on temperature and can range from
1072 to 10%0hm — cm at room temperature values. When temperature
reaches OK in a semiconductor and it has a perfect crystal lattice
the resistivity will reach values above 10%o0hm — cm, it will make a
transition from semiconductor to insulator. Semiconductors are used
for various devices such as diodes, photo-detectors, transistors, pho-
tovoltaic cells and switches. For their implementation, they can be
installed as individual components in a circuit or as integrated circuit
parts. Using a molecular notation AB, with A and B the trivalent and
prevalent element respectfully, we describe semiconductor compounds
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Figure 1.14: Carrier concentrations for metals, semimetals, and semiconduc-
tors. The semiconductor range may be extended upward by
increasing the impurity concentration, and the range can be ex-
tended downward to merge eventually with the insulator range.
As seen in [41]

as “three-five” (III-V) compounds. Prime examples are the Gallium
Arsenide and the Indium Antimonide. In the case where A and B are
divalent and hexavalent respectively they are named two-six (II-VI)
compounds. Such semiconductors are Magnesium Oxide and Zinc
Oxide. While there are semiconductors with diamond cubic crystal
structure, like Germanium and Silicon, diamond by its nature is an
insulator. Lastly there are the four-four (IV-IV) semiconductor com-
pounds like Silicon Carbide. An intrinsic conductivity is observed
in a semiconductor with increased purity, in contrast to the impu-
rity conductivity in semiconductors with lower purity. Impurities in
the crystal do not substantially alter the electrical properties of the
semiconductor at the intrinsic temperature range. For temperature
at OK the valence band is filled in contrast to the conduction band
that remains empty and the energy difference between the lowest and
highest point in conduction and valence band respectively, is defined
as the energy band gap E,. The energy point where the bands stop, is

29



30

FUNDAMENTALS

the edge of each band, highest point for valence and lowest point of
conduction. Electrons from the valence band are thermally excited to
the conduction band, during temperature rise. The generated holes in
the valence band and the free electrons in the conduction band, are
responsible for the resulting electrical conductivity.

1.3.1 Band-gap

The band gap to temperature ratio E;/kpT, is strongly affecting the
intrinsic carrier concentrations and intrinsic conductivity. In reverse
proportion are the ratio with the conductivity and the concentration
of intrinsic carriers, with the increase of the first causing lowering in
the two that follow. Optical absorption can be used to access the ideal
values of the band gap. With frequency w, and using a direct absorp-
tion process, the band gap E; = fiw, is measured by the threshold of
continuous optical absorption as shown in Fig. 1.15a. An electron-hole
pair is generated while a photon excites the crystal. In the case of Fig.
1.15b the absorption is indirect and for the electron and the hole in the
position of minimum band gap energy, they are apart by a wavevector
k. For the energy range of interest the photon wave vectors are in-
significant, thus the condition of conservation of wavevector cannot be
fulfilled by a direct photon transition at the energy of the minimum
gap. Although if there is a creation of a phonon with wavevector K
and frequency (), the following equation becomes true

k(photon) = k. + K = 0;

hw = Eg + hQ) (14)

Significantly smaller from E, will be the phonon energy /(). In relation
to the energy band gap the phonon energy is much smaller, typically
in the range of ~ 0.01 to 0.03¢V thus making easily the excitation of
even a high wavevector phonon from the crystal momentum. During
a photon absorption process a phonon could be absorbed simulta-
neously if the temperature of the crystal is raised sufficiently so the
phonon has reached thermal excitation. Using the carrier concentra-
tion at the intrinsic range or temperature dependence of conductivity
it is possible to extract the band gap. From Hall voltage, the carrier
concentration can be deducted which can be complimented by mea-
suring conductivity as well. In order to characterize if the band gap is
direct or indirect an optical measurement is used. For semiconductors
like Silicon and Germanium the band edges have an indirect transition.
In contrary other semiconductors have a direct transition like Gallium
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Figure 1.15: In (a) the lowest point of the conduction band occurs at the
same value of k as the highest point of the valence band. A
direct optical transition is drawn vertically with no significant
change of k, because the absorbed photon has a very small
wavevector. The threshold frequency wq for absorption by the
direct transition determines the energy gap E; = hiwg. The
indirect transition in (b) involves both a photon and a phonon
because the band edges of the conduction and valence bands are
widely separated in k space. The threshold energy for the indirect
process in (b) is greater than the true band gap. The absorption
threshold for the indirect transition between the band edges is at
hw = Eg — 1Q), where () is the frequency of an emitted phonon
of wavevector K = —k,. At higher temperatures phonons are
already present; if a phonon is absorbed along with a photon, the
threshold energy is fiw = E¢ — Q). Note: The figure shows only
the threshold transitions. Transitions occur generally between
almost all points of the two bands for which the wave vectors
and energy can be conserved. As seen in [41]



32 FUNDAMENTALS

GaAs Conduction band|

3L T=300K
2 | -

§ T029¢ev 3\

()

- L |

gﬁ E=142¢eV

=~

2

m o e -
1k |

Valence band

L[111] r L X[100]

Wave vector k

Figure 1.16: The direct band-gap of GaAs

Arsenide and Indium Antimonide. A direct band with zero value
is owned by aSn. Lastly when the band gaps overlap their values
become negative and are characterized as semimetals such as Mercury
Selenide and Mercury Telluride.

1.3.2 GaAs

The choice of material and the femtosecond pulse duration are two
factors that define the conversion efficiency and frequency response
in THz generation with photoconductive antennas. The generated
THz wave that travels into free space is in analogy with the second
derivative of the photo-induced transient current in the semiconductor.
The applied electric bias on the electrodes, the laser ablation pulse
duration and the material intrinsic carrier rise time are responsible for
the rise time of the transient current. The choice of the semiconducting
material should be made so the laser ablation photon energy is suf-
ficient to excite an electron from the valence to the conduction band,
thus the photon energy is larger than the energy band-gap. A common
laser source for THz-TDS experiments is a Titanium Sapphire (TiSapph)
laser, with photon energy of 1.55¢V and a semiconductor that fits these
requirements is GaAs, with energy band-gap of 1.42¢V. This is a great
semiconductor for high-efficiency photoconductive antennas because
of its high electron mobility and quick carrier rise time.

GaAs is a semiconductor compound used in diodes, Field-Effect
Transistors (FETs), and Integrated Circuits (ICs). The charge carriers,
which are mostly electrons, move at high speed among the atoms.
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Material deg (pmV~!) nb,.. D, amn, (cm™!) FOM(pmZcm?V—2)

CdTe 81.8 3.24 4.8 11.0
GaAs 65.6 4.18  3.59 0.5 4.21
GaP 24.8 3.67  3.34 0.2 0.72
ZnTe 68.5 3.13 3.1y 1.3 7.27
GaSe 28.0 3.13  3.27 0.5 1.18
sLiNbO 168 2.25  4.96 17 18.2

Table 1.2: Properties of a few materials suitable for OR. With the d,f; the

effective nonlinear coefficient, n‘g&mm the index at 800nm, The THz
index np, and absorption coefficient arp, are given for 1THz and
FOM. All values are for room temperature.[43]

This makes GaAs components useful at ultra-high radio frequencies,
and in fast electronic switching applications. GaAs devices generate
less noise than most other types of semiconductor components. This
is important in weak-signal amplification.

A common material for detectors and emitters is LT-grown GaAs.
The name identifies the low temperature (~ 200°C) conditions dur-
ing the GaAs growth in the Molecular-Beam Epitaxy (MBE) chamber,
which produce an excess of Arsenic in the material. Clusters of Ar-
senic are formed during the annealing [44], where the photo-induced
carriers are trapped efficiently. Under these conditions it has been
demonstrated fabrication of materials with carrier lifetimes shorter
than 500fs [45—47]. The majority of photoconductive terahertz emitters
use short-carrier lifetime semiconductors to suppress the excess Direct
Current (DC) current by forcing the charge carriers with long transport
times to recombine before reaching the contact electrodes. A compro-
mise exists between optimally short carrier lifetimes and increased
parasitic dark current that can cause premature breakdown of the
material. Material absorption and excitation laser pulse duration are
the top parameters to shape the THz frequency spectrum of emitters,
and it is important for the frequency response of the THz detectors to
have very short carrier lifetimes. Antennas generating THz that are
fabricated from LT-GaAs and compensated semi-insulating GaAs with
nanosecond carrier lifetime have a comparable conversion efficiency
overall [48].

The THz absorption and dispersion in the substrate is limiting the
THz bandwidth, in all photoconductive antennas. The THz wave is
transmitted to any direction from the generation antenna, one half
through the substrate and the other in free space. By using the later
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half of the THz pulse, we are eliminating the absorption and dispersion
effects from having the pulse propagate through the substrate [49].

1.4 PULSED AND ULTRAFAST LASERS

Several techniques have been developed in the past thirty years to
generate ultrashort pulses. Ideally one would like to have ultrashort
laser pulses of desired pulse width and pulse shape, wavelength,
pulse energy, and repetition rate. A single laser source obviously
cannot cover the entire range of desired parameters, and different
approaches have been developed. Development of ultrafast lasers
is an area of continued intense activity. Research on the generation
of ultrashort laser pulses started almost immediately after the first
demonstration of lasers. Techniques for switching the quality factor
(Q) of the laser cavity typically generated nanosecond pulses. A laser
oscillates in many longitudinal modes supported by the cavity and the
gain spectrum. The technique of mode-locking, in which these modes
are locked in phase, was developed by using a saturable absorber in
the laser cavity. This and many other mode-locking techniques are
now being used to generate ultrashort pulses.

Enormous progress has been made in the generation of ultrashort
pulses since the first solid-state mode-locked lasers which did not
provide tunability. Organic dye lasers, with wide gain spectra and
the potential for femtosecond pulses, were invented in the late 1960s,
and rapidly developed into versatile tools for spectroscopy because
of their ultrashort pulse widths and tunability in the visible and the
near-IR range. Techniques have also been developed to amplify and
compress these short pulses, to generate different frequencies using
nonlinear second harmonic generation and nonlinear mixing, and to
generate ultrashort pulses of white-light continuum by passing an
intense ultrashort pulse through a liquid. New solid state materials
with wide gain spectra have been developed and have been used to
generate pulses shorter than 5 fs directly from the laser oscillators
without having to resort to pulse amplification and compression.
Optical Parametric Oscillators (OPO) pumped by such solid-state
lasers have increased the tunability range. These solid-state lasers have
practically replaced the dye lasers as the basic ultrafast spectroscopy
tool, and pumping these lasers with semiconductor diode lasers has
made it possible to think of compact ultrafast sources. The availability
of ultrafast lasers with a wide range of pulse widths, wavelengths,
pulse energy, and pulse repetition rate makes it possible not only
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to investigate a broad range of physical phenomena using ultrafast
optical spectroscopy, but also investigate practical applications of
ultrafast technology.

1.4.1  Oscillator laser

Ti:sapphire lasers (also known as Ti : Al,Os3 lasers, titanium-sapphire
lasers, or Ti:sapph) are tunable lasers which emit red and near-infrared
light in the range from 650 to 1100 nanometers. These lasers are mainly
used in scientific research because of their tunability and their ability
to generate ultrashort pulses. Titanium-sapphire refers to the lasing
medium, a crystal of sapphire (Al,O3) that is doped with titanium
ions. A Ti:sapphire laser is usually pumped with another laser with
a wavelength of 514 to 532nm, for which argon-ion lasers (514.5nm)
and frequency-doubled Nd : YAG, Nd : YLF, and Nd : YVO lasers
(527 — 532nm) are used. Ti:sapphire lasers operate most efficiently at
wavelengths near 800nm.

For low concentrations of Ti;O3 (~ 0,05% mass proportion)in a
melting charge of sapphire (A,O3) the Ti*" ions substitute the AI**
in random positions of the forming crystal lattice, the electrical and
optical properties of the crystal being dominated by the singular 3d
electrons belonging to the external energetic levels of the Ti** ions. The
internal electric field determines the splitting of the external electronic
shell, the Cubical of this interaction characterizing the splitting of the
energetic levels in excited state 2E (double degenerated) and ground
state 2T, which themselves are split by the spin—orbit coupling and
a Jahn-Teller distortion. The absorption spectra of the doped crystal
indicates the presence of a large excited state band, accessible from
ground state corresponding to a spectral range from 450 to 600nm
which matches the ionized Ar laser emission (Fig. 1.17).

The fluorescence spectrum of the crystal is shifted to longer wave-
lengths from 650 to 1,050nm because of phonon emission from the
accepted charge carriers the corresponding lifetime being about 3ps.
Because the laser operation is based on the overlapping of two beams
narrow focused in the case of cylindrical cross sections the system
is very sensitive to the alignment of the optical devices and the mir-
rors which guides the pumping beam and must be mounted on rigid
supports (Fig. 1.18).

The focus of the pumping beam is realized using a 10cm focus-
ing lens with anti-reflective coating, placed eccentric to the beam in
order to compensate the astigmatism of the pump radiation with
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that imposed by the Ti-sapphire crystal geometry. The Ti-sapphire
crystal is placed between two mirrors (M1 and Mz2) characterized
by 85% transparency for pump radiation and high reflectivity for
fluorescence radiation of Ti-sapphire. The cooling of the crystal is
realized by mounting it on a copper support and using a water flow
at ~ 8°C temperature. In the case of 5 W pumping power and 3%
transmission of the mirror MC2 one can obtain 750mW in continuous-
wave (CW) operation mode of the Ti-sapphire laser. Mode-locked
oscillators generate ultra short pulses with a typical duration between
10fs and a few ps. The pulse repetition frequency is in most cases
is ~ 70 — 90MHz. The Ti-sapphire oscillators are normally pumped
with a Continuous Wave (CW) laser beam from an argon or frequency-
doubled Nd — YV Oy laser, such an oscillator having an average output
power of 0.5 — 1.5W.

1.4.2 Mode-locked oscillators

A type of Ti:sapphire laser is the Mode-locked oscillators, that generate
ultrashort pulses with a typical duration between a few picoseconds
and 10 femtoseconds, in special cases even around 5 femtoseconds.
The pulse repetition frequency is in most cases around 70 to 90MHz.
Ti : sapphire oscillators are normally pumped with a continuous-wave
laser beam from an argon or frequency-doubled Nd : YVO4 laser.
Typically, such an oscillator has an average output power of 0.4 to 2.5
watts.

All lasers produce light over some natural bandwidth or range of
frequencies. A laser’s bandwidth of operation is determined primarily
by the gain medium from which the laser is constructed, and the
range of frequencies over which a laser may operate is known as the
gain bandwidth. For example, a typical helium-neon laser has a gain
bandwidth of about 1.5GHz (a wavelength range of about 0.002nm at
a central wavelength of 633nm), whereas a titanium-doped sapphire
(Ti:sapphire) solid-state laser has a bandwidth of about 128 THz (a
300 — nm wavelength range centered at 800nm).

The second factor to determine a laser’s emission frequencies is the
optical cavity (or resonant cavity) of the laser. In the simplest case, this
consists of two plane (flat) mirrors facing each other, surrounding the
gain medium of the laser (this arrangement is known as a Fabry—Pérot
cavity). Since light is a wave, when bouncing between the mirrors of
the cavity, the light will constructively and destructively interfere with
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Figure 1.19: Laser mode structure

itself, leading to the formation of standing waves or modes between
the mirrors. These standing waves form a discrete set of frequencies,
known as the longitudinal modes of the cavity. These modes are the
only frequencies of light which are self-regenerating and allowed
to oscillate by the resonant cavity; all other frequencies of light are
suppressed by destructive interference. For a simple plane-mirror
cavity, the allowed modes are those for which the separation distance
of the mirrors L is an exact multiple of half the wavelength of the
light A, such that L = gA/2, where q is an integer known as the mode
order.

In practice, L is usually much greater than A, so the relevant values
of q are large (around 105 to 106). Of more interest is the frequency
separation between any two adjacent modes g and q + 1; this is given
(for an empty linear resonator of length L) by Av:

C
Av= <
V=L

where c is the speed of light (3 x 10%m/s).

Using the above equation, a small laser with a mirror separation
of 30 cm has a frequency separation between longitudinal modes
of 0.5GHz. Thus for the two lasers referenced above, with a 30 — cm
cavity, the 1.5GHz bandwidth of the HeNe laser would support up to 3
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longitudinal modes, whereas the 128T Hz bandwidth of the Ti:sapphire
laser could support approximately 250,000 modes. When more than
one longitudinal mode is excited, the laser is said to be in "multi-
mode" operation. When only one longitudinal mode is excited, the
laser is said to be in "single-mode" operation.

Each individual longitudinal mode has some bandwidth or nar-
row range of frequencies over which it operates, but typically this
bandwidth, determined by the Q factor (see Inductor) of the cavity
(see Fabry—-Pérot interferometer), is much smaller than the intermode
frequency separation.
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EXPERIMENTAL SETUP

In this chapter I will give some insights to the elements that are used
to perform the THz-TDS measurements. Most of them are shown in
Figure 2.1.

2.1 LASER

As mentioned above for the THz-TDS measurements I used a Ti:Sa
oscillator system delivering 45fs pulses centered at 8oonm at a 4MHz
repetition rate and 650n] energy per pulse.

2.2 DELAY STAGE AND RETROREFLECTOR

A delay stage is utilized to lengthen one of the two beam paths. A
delay stage is typically equipped with a retroreflector. A retroreflector
is a mirror set that sends an outgoing beam parallel to the incoming
beam. Two standard, adjustable mirrors can be used, as can special
retroreflectors made for this purpose (for example, a corner cube
reflector). A step of the delay stage in space corresponds to a step in
time, since I sweep through our pulse in time by coinciding new parts
of it with the gating pulse at the detector.

2.3 PARABOLIC MIRRORS

Off-axis parabolic mirrors are commonly used to collimate and focus
THz light. Light emitting from an effective point source, such as
from an LT-GaAs antenna (active region 5um) incident on an off-axis
parabolic mirror becomes collimated, and collimated light incident on
a parabolic mirror becomes focused. The sequential use of parabolic
mirrors can focus light emitted from a point source. Samples for
spectroscopy are commonly placed at such a focal point, where the
spatial frequency distribution is nearly uniform. In our setup only
two parabolic mirrors could be used to measure the performance of
a photoconductor antenna. The first would "capture" the generated
THz pulse, that has the shape of a temporally expanding shell of a
sphere with a center at the active area of laser excitation , collimating
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Figure 2.1: My TDS-TDS setup

the THz beam. The second one would focus the collimated beam, onto
the active area of ZnTe crystal, spatio-temporal overlapping with the
probe laser pulse. Rather than two mirrors, the setup has been initially
designed, accommodating two more, 2inch in diameter, gold parabolic
mirrors, which became useful for unexpected needed measurements.
As seen in Fig. 2.1, the bottom parabolic mirrors intervene of the
THz pulse path, focusing it and collimating again. At that focal point
a sample was placed and characterized using an OPTP technique at
room temperatures with capability at very low temperatures as well,
by using a cryostat. All the measurements explained in the following
chapters were performed in the four parabolic mirror arrangement.

2.4 NITROGEN PURGE

A purge box is typically used so that absorption of THz radiation
by gaseous water molecules does not occur. Water is known to have
many discrete absorptions in the THz region, which are rotational
modes of the water molecules. Nitrogen, as a diatomic molecule, has
no electric dipole moment, and does not (for the purposes of typical
THz-TDS) absorb THz radiation. Thus, a purge box can be filled with
nitrogen so that unintended discrete absorptions in the THz frequency
range do not occur. In Figure 2.1 the box is including the antenna, all
the parabolic mirrors, the ZnTe crystal up to Wollaston. it has two
entrance and two exit holes for the beams.
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2.5 LOCK-IN AMPLIFIER

A lock-in amplifier is a type of amplifier that can extract a signal
with a known carrier wave from an extremely noisy environment. The
device is often used to measure phase shift, even when the signals
are large and of high signal-to-noise ratio and do not need further
improvement.

Recovering signals at low signal-to-noise ratios requires a strong,
clean reference signal with the same frequency as the received signal.
This is not the case in many experiments, so the instrument can recover
signals buried in the noise only in a limited set of circumstances.

The operation of a lock-in amplifier relies on the orthogonality
of sinusoidal functions. Specifically, when a sinusoidal function of
frequency f1 is multiplied by another sinusoidal function of frequency
f2 not equal to f1 and integrated over a time much longer than the
period of the two functions, the result is zero. Instead, when f1 is equal
to f2 and the two functions are in phase, the average value is equal to
half of the product of the amplitudes.

In essence, a lock-in amplifier takes the input signal, multiplies it
by the reference signal (either provided from the internal oscillator
or an external source), and integrates it over a specified time, usually
on the order of milliseconds to a few seconds. The resulting signal
is a DC signal, where the contribution from any signal that is not at
the same frequency as the reference signal is attenuated close to zero.
The out-of-phase component of the signal that has the same frequency
as the reference signal is also attenuated (because sine functions are
orthogonal to the cosine functions of the same frequency), making a
lock-in a phase-sensitive detector.

The model I used is an SRS SR830 Lock-In Amplifier.
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ANTENNA PERFORMANCE

3.1 INTRO

In recent years, it has been demonstrated that irradiation by intense
ultrashort laser pulses leads to the enhancement of material optical
and electronic properties [51-53].This technique allows the realiza-
tion of new electronic surface states a swell as a broad variety of
micro- and nano-structured texturization [54, 55] depending on the
femtosecond pulse-train characteristics or the presence of specific gas
compounds. For example, hyperdoping of silicon has been achieved
with nonequilibrium concentration of dopants in combination with
controlled surface texturing allowing close to 100% absorption over a
wider spectral range than the intrinsic material [56, 57]. Similar results
on GaAs have recently been reported, where femtosecond laser abla-
tion has shown strong absorption extended below the bandgap under
low-light, broadband, continuous-wave illumination [58]. For the latter,
the enhanced properties arise from the creation of micrometer-scale
periodic ripples, with the creation of Surface Plasmon Polaritons (SPPs)
as a possible explanation for this surface patterning [59, 60]. This
periodic pattern acts as an antireflection layer, thus leading to en-
hanced photoabsorption [58, 61]. The ability to manipulate doping,
photoabsorption, or carrier lifetimes in materials via this ultrafast abla-
tion technique provides a new approach to engineering optoelectronic
devices with enhanced performance, e.g., photovoltaics or THz devices.

Currently, the development of cost-effective radiation sources and
detectors in the THz range is an active field of research. For example,
photoconductive devices have allowed THz TDS to become a very
powerful tool to investigate materials or chemical compounds as well
as for pharmaceutical and security applications [13, 62—-64]. With the
emergence of a compact commercial THz-TDS system, one focus is
the realization of photoconductive emitters and detectors based on
low-cost and high-efficiency substrates. For this purpose, methods
improving the photoabsorption, emitted THz spectral bandwidth, or
reducing the carrier lifetime of GaAs have been investigated, such
as implantation of ions [65], chemical passivation [66], or epitaxial
growth techniques [67]. However, most of these methods are not time
or cost efficient. Alternately, the femtosecond-laser-ablation technique

47



48

ANTENNA PERFORMANCE

provides a fast and cheaper alternative for the realization of materials
with engineered optoelectronic properties for THz applications.
Below, is studied and demonstrated a THz photoconductive antenna
device processed on femtosecond-laser-ablated GaAs and compared
with an antenna fabricated on the same SI-GaAs, without laser ablation.
Counter-intuitive phenomena are observed; namely, for high optical
excitation, the ablated device generates more efficient THz, despite
exhibiting a lower photocurrent and lower carrier mobility. On the
other hand, for low optical excitation, the ablated device shows poorer
THz emission. To understand this behavior, the I-V characteristics are
studied in conjunction with the emission properties, as well as the
lifetime and photoconductivity of the carriers in the two devices us-
ing an OPTP [68]. The increase in photoabsorption and doped carrier
concentrations are also measured in the two devices, resulting from
the ablation process. For the high-photoexcitation regime, it is ob-
served that increased photoabsorption in the ablated device results in
greater emission,but the very short carrier lifetimes result in lowered
photocurrent measurements. In the low-photoexcitation regime, it is
observed that the presence of doped carriers arising from the ablation
process diminishes the THz generation due to free carrier absorption.

3.2 EXPERIMENTAL SETUP

Figures.1(a) is a photo of a fabricated photoconductive bow tie antenna
composed of two gold electrodes with a 50um gap. The surface of
a second identical antenna is irradiated with a femtosecond pulse
laser in order to ablate the surface as shown in Figure3.1(b). The laser
system used for ablation delivers 120fs pulses centered at 8oo nm at a
1kHz repetition rate. The surface ablation is realized with an average
power of 5mW, and the beam scans the surface at 800um /s [58].The
ablated pattern presents 20um-large grooves defined by the scanning
step of the translation stage as seen in Figure3.1(c).The mean depth
of the grooves is 2.35um.The ablated pattern alternates grooves with
3um-diameter grains and periodic ripples owing to the SPP formation
[shown in Figure3.1(d)]. The ripples are perpendicular to the grooves
and laser polarization. Their length is 5.2um, and their width 0.5um.
The period of the SPP pattern is 740nm, close to the ablation laser
wavelength [69].

The performance of the femtosecond laser ablated SI-GaAs is com-
pared with the nonablated SI-GaAs, when used as THz photoconductive
emitters for THz-TDS. The setup is based on a Ti:Sa oscillator system
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Figure 3.1: Optical microscope images of (a) nonablated GaAs and (b) fem-
tosecond laser ablated photoconductive antennas. (c) Scanning
electron microscope picture of the area within the red rectangle
of (b) showing 20um wide grooves. (d) Zoom within the green
rectangle of (c) showing the formation of ripples

delivering 45fs pulses centered at 800nm at a 4MHz repetition rate.
The emission from the antennas is collected through a set of off-axis
parabolic mirrors. Electro-optic detection based on a 1mm-thick ZnTe
crystal is used. Both antennas were biased with a 10V}, (V) stands for
Volts peak to peak) square modulation at 10kHz. Figure3.2(a) presents
a comparison between the THz-detected transients generated by the
ablated and nonablated GaAs-based photoconductive antennas for
three different characteristic optical fluences (10m]/cm?, 200u] /cm?,
and 2.2u]/cm?) exciting the 50um antenna gaps. For high fluence
(10mJ /cm?), the ablated antenna shows the best performance and 65%
improved efficiency. For intermediate fluence (200u]/ cmz), ablated
and nonablated devices exhibit similar performances. For low fluence
(2.2u] /cm?), better emission is observed from the antenna based on
regular SI-GaAs.

3.3 OPTICAL FLUENCE DEPENDENCE

In Fig. 3.3, we present the time-domain waveforms measured from the
two devices for an excitation pulse of 6n] (25mW) and a bias voltage
of 7V, (Fig. 3.3a) and an excitation pulse of 24n] (96mW) with a
20V, bias (Fig. 3.3b). Whereas the THz pulse duration is similar for
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Figure 3.2: (a) THz-generated transients obtained for three different optical ex-
citations (2.2uJ/ cm?, 200pu]/ cm? and 10m] /cm?) from the ablated
device (blue) and the non ablated device (red). (b)THz peak-to-
peak electric field amplitude extracted from (a). (c) Photocur-
rent versus optical fluence. (d) Comparison of the THz emission
(green) and photocurrent (purple) relative efficiency calculated
as the ratio between the ablated and nonablated devices from (b)

and (c).
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Figure 3.3: (a) Comparison of the measured THz time-domain waveforms
of the laser ablated device (red) and untreated device (blue) at
low excitation power (25mW) and low bias (7V),)(b) at higher
power (96mW) and bias (20V)). (c) Associated FFT spectra at low
excitation power and bias and (d) at higher power and bias.

both devices, we measure a higher peak electric field from the ablated
device. In Fig. 3.3b, we observe 55% enhancement in the peak THz
signal, in good agreement with previous results on femtosecond-laser-
ablated GaAs photo-absorption [58]. Figs. 3.3¢c and (d) present the
spectra obtained by FFT of the temporal waveforms for the low and
high-power measurements, respectively. For the low power and low
bias spectra, we observe an enhanced emission for frequencies below
2THz. In the case of higher power and higher bias, the emission is
improved up to 3.5THz of the bandwidth of the antenna. Fig. 3.4a
shows the measured peak THz electric field as a function of the
incident optical power for the two studied samples. To achieve these
measurements, the applied bias is kept constant at 7V, and the
power of the gating beam is fixed. More power is emitted from the
ablated antenna and an improvement of the overall efficiency of 54% is
estimated. This better efficiency is attributed to enhanced absorption.
As absorption of the pump beam is enhanced, more photocarriers are
generated using the same excitation power thus leading to a higher
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Figure 3.4: (a) Comparison of the measured peak THz electric field versus
excitation power between ablated device (red) and untreated
device (blue) and (b) versus applied bias on the antennas.

number of oscillating dipoles, i.e. more THz power. Fig. 3.4b presents
the peak electric field as a function of the applied bias for both laser
ablated and untreated antennas. As the power and bias is increased,
the ablated antenna also shows the best performance. The ablated
antenna exhibits no saturation in the applied bias range used for this
study. Indeed, the ablated surface presents a larger effective area due
to the grooves and ripples formation. This provides a larger contact
area with the air which leads to a better thermal dissipation than the
untreated device leading to 61% increased efficiency. Increase of the
temperature results in increase of the disorder where less and less
carriers participate to the oscillation of the dipoles.

Figures3.2(b) summarizes the measured peak-to-peak THz field as
a function of the pump fluence illuminating the two devices. Two
regimes are clearly identified —a low photoexcitation regime, where
the ablated antenna results in weaker emission compared to the non-
ablated one, and a high photo excitation regime, where the ablated
antenna shows enhanced emission over the nonablated one.It also
shows that the ablated device exhibits a lower saturation effect that is
known to occur for optical fluences above 200y ]/ cm? [70]. Figures.2(c)
presents a comparison of the photocurrent in the same conditions of
optical excitation and applied bias, i.e., with the same 45fs, 800nm,
4MHz repetition rate laser system and 10V bias. In contrast with
the THz emission measurements, the regime of high-optical excitation
shows a significantly weaker photocurrent for the ablated antenna as
compared to the nonablated one. Indeed, one generally expects that
the material showing the higher photocurrent would give the best THz



60+

50

40

304

THz pkpk (mV)

—=— Ablated
—e— Non-ablated

3.3 OPTICAL FLUENCE DEPENDENCE

—=— Ablated
—e— Non-ablated

ETHzpkpk Ablated/Non-ablated

Figure 3.5: THz electric field, peak to peak value dependence on laser exci-
tation power, for both antennas, in linear and log scale top. The
ratio of ablated /non-ablated bottom left. The absolute values of

s
£
x
Qo
=
s
N
T
14
T T T T T T T T T T
0 200 400 600 800 1000 0.1 1 10 100 1000
Power (mW) Power (mW)
18 —=a— Ablated negative peak
—e— Ablated positive peak
- = —4a— Non-Ablated negative peak
164 —v— Non Ablated postivie peak
0.01 4
1.4 ]
log scale
s
1.2 E
104 / & s,
0.8 4 T
064 ®
T T T T T T 1E-4 T T T T
0 200 400 600 800 1000 0.1 1 10 100 1000
Power (mW) Power (mW)

positive/negative THz field peak values.

53



54

ANTENNA PERFORMANCE

“7 —— Ablated %7
— Non-ablated 20 — Ablated
30 —— Non Ablated
P= 1000 mW 15+
204 m P= 480 mW
104

Signal (mV)
o
F3
Signal (mV)
&H o

-10 -10
204 15
20
B+ T T T T T T T T T L o o e B e T s e o T
4 3 2 101 2 3 4 5 6 7 8 9 10 M1 5 4321012 3 456 7 8 9 10 11
Delay (ps) Delay (ps)
s blated -6
Non-Ablated — Ablated
P= 1000 mW 5 —— Non-Ablated
= 6 =
g P P=480 mW
s g
3
g O 34
o 4 o
- Q
e ©
g 5 2]
c 2L
= 24 £
14
04
04
T T T T T T T 1 T T T T T T T T
-4000 -2000 0 2000 4000 6000 8000 10000 -4000 -2000 0 2000 4000 6000 8000 10000
Delay (ps) Delay (ps)

Figure 3.6: THz-TDS measurements for both antennas at 1000mW,480mW
and their integrated current temporal profile.

—— Ablated —— Ablated
—— Non-ablated 6 —— Non-ablated
104
P=100 mW P=20mwW
44
5
3 g
= 0 N =
= v < 04
=4 =4
2 2
2B (2P
44
104
6
-15 - T T —— T —— T T T T T T T T T T T T T T T
-4 2 0 2 4 6 8 10 12 5 4321012 3 456 7 8 9 1011
4- Delay (ps) Delay (ps)
— Ablated 204 —— Ablated
Non-ablated —— Non-ablated
-3 -
P=100 mW 15 P =20 mW
€ € 7]
e e
S 21 3 .
3 3
® ©
g . g
= £ 054
0+ 0.0
-4000 2000 O 2000 4000 6000 8000 10000 12000 -4000 -2000 O 2000 4000 6000 8000 10000
Delay (ps) Delay (ps)

Figure 3.7: THz-TDS measurements for both antennas at 100mW,20mW and
their integrated current temporal profile.



3.3 OPTICAL FLUENCE DEPENDENCE

57 —— Ablated 049 —— Ablated

—— Non-ablated —— Non-ablated

P=1.4 mW 024 P=220 pW

0.0

Signal (mV)
s o

b >
L L

<

Signal (mV)

-0.24

044

L S S B B S S S e s | T T T T T T T
5 4 -3 -2-101 2 3 45 6 7 8 9 10 1 -4 -2 0 2 4 6 8 10

Delay (ps) Delay (ps)

— Ablated
0.5+ —— Non-ablated 20144 —— Ablated
— Non-ablated

0al P=1.4mW 0.2

P= 220 yW

-0.3 4

-0.24

Integrated Current
Integrated Current

0.1

0.0

0.1

T T T T T T T T T T T T T T T T
-4000 -2000 0 2000 4000 6000 8000 10000 -4000 -2000 0 2000 4000 6000 8000 10000
Delay (ps) Delay (ps)

Figure 3.8: THz-TDS measurements for both antennas at 1.4mW,220uW and
their integrated current temporal profile.

emitter. This is summarized in Figure3.2(d), which depicts the relative
efficiency obtained from Figure3.2(b) and 3.2(c), i.e., the ratio of the
ablated over the nonablated, showing up to 65% enhancement of the
THz emission,despite exhibiting only a third of the photocurrent com-
pared to the nonablated material. To investigate this discrepancy, OPTP
measurements were performed on both the samples to measure the
lifetime and photoconductivity of the excited carriers. On Figure3.12(a)
and 3.12(b) are plotted the OPTP differential transmission signals for
the (a) ablated GaAs and (b) nonablated GaAs for optical fluence var-
ied from 1.6uJ/cm? to 2.2m]/cm?. In order to cover three orders of
magnitude for the optical pump exciting the samples, two different
setups based on two different laser systems were used to perform
the OPTP measurements. From 1.6 to 12u]/ cm?, the source laser that
is used has properties of 4MHz, 650n], 45fs, 800nm , thus allowing
for a high signal-to-noise ratio even at low optical fluence. In this
case, a THz probe is generated via an interdigitated photoconductive
antenna as described in Ref.[71] biased with a 10kHz modulation and
20V, applied voltage. For high fluence, a 1kHz Ti:Sa (100fs, 800nm)
amplifier system is employed allowing us to reach up to 2.2m] /cm?.
The THz probe is generated via optical rectification in a 1mm thick
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ZnTe crystal. Figure3.12(b) shows the expected response from regular
SI-GaAs, i.e., a long carrier lifetime extending above 600ps. For fluence
higher than 200p] /cm?, a saturated response is observed, resulting in
a complete screening of the THz probe by the photoexcited carriers.
Figures.12(a) shows the differential THz transmission response from
the ablated material measured for the same pump fluences as the
nonablated antenna. For low pump fluences, the negative differential
transmission of the THz probe is lower in the ablated material, which
rapidly becomes comparable to that in the nonablated material at
pump fluences of 200u]/cm? and higher, showing similar saturation
effects as the nonablated material. Figure3.13(a) conveys this point
by plotting the amplitude of the OPTP differential signal versus pump
fluence at zero delay for fluences up to 200] /cm?. These results are
consistent with the generation of THz transients from the two anten-
nas as discussed in Figure3.2(a)—at low fluences, the OPTP signals
and the THz emission are weaker in the ablated antennas, while at
higher fluences, the OPTP signals and THz emission are comparable or
stronger in the ablated antennas. It also shows that the enhancement
of THz emission does not originate from the ablation of the electrodes,
as OPTP measurements were performed on non-patterned materials.
These measurements suggest that at high pump fluences, the ablated
material exhibits higher photoconductivity, which we attribute to the
higher photoabsorption in the ablated materials acting as an antireflec-
tion layer as previously reported in Ref.[58]. This is also confirmed by
Fourier-transform infrared spectroscopy (FTIR) measurements in these
specific samples. Figures3.13(c) and 3.13(d) present the transmittance
in the mid-Infrared (IR) range (0.1-0.8eV) and NIR (from 1.1 to 1.4eV),
respectively. Whereas the nonablated GaAs shows a below bandgap flat
transmission of about 50%, the ablated material presents significantly
lower transmission (for all energies ranging from 0.2 to 1.4eV), as
well as a prominent transmission dip in the mid-IR, indicating the
previously reported presence of below bandgap states and higher
photoabsorption originating from the ablation process [58, 72, 73]. In
Figure3.12(a) is observed, that the dynamics of the photocarriers is
given by a bi-exponential decay rate, and the ablated material exhibits
much shorter carrier lifetime than the nonablated one. Figures.13(b)
presents the fast component of the decay time obtained by fitting
the OPTP differential signals of Figure3.12(a) with a bi-exponential
decay function. It demonstrates that the decay is shorter as the pump
fluence increases, with the decay time decreasing from 12 to 3ps as
the pump fluence varies from 1.6 to 32u]J/cm?. For higher fluence,
as saturation occurs owing to complete screening of the THz probe,
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Figure 3.13: (a) OPTP negative differential transmission at zero delay versus
pump fluence extracted from Figure3.12 for the ablated (blue)
and non-ablated Gaas (red). (b) Fast decay time component ob-
tained from bi-exponential decay function fit of the OPTP signals
for the ablated Gaas. (c) Comparison of the transmittance be-
tween the ablated and non ablated GaAs in the mid-IR range and

(d) in the NIR range.



3.4 RESULTS

fitting is not reliable. At high pump fluences, the short carrier lifetimes
in the ablated materials explain the perceived contradiction between
the THz-generation properties and the photocurrent measurements
for the two antennas (although shorter carrier lifetime does not affect
the generated THz amplitude). Indeed, as it is a DC measurement, one
can access only the average photocurrent. Therefore, with a long life-
time, photocarriers in nonablated GaAs will contribute more, whereas
with a sub-10ps lifetime, photocarriers in ablated GaAs will show very
little contribution. It should be noted that our observation of lower
photocurrent in the ablated device with 50fs, 800nm pulses does not
contradict previous observations [58], which were done under different
experimental conditions CW, broadband excitation.

The low-fluence behavior of the THz emission properties of the
two antennas can be understood by noting that the ablation process
typically results in an n-doped material. Hall effect measurements
on the ablated material indicate n-doping with a sheet concentration
of 1.2 x 10'?cm~2 and a low carrier mobility of 5¢m?/Vs. Thus at
low fluences, despite the increased photoconductivity of the ablated
material due to greater photoabsorption, the emitted THz transients
are absorbed via the native n-doped carriers resulting from the abla-
tion process. As one gets to higher pump fluences, with photocarrier
densities significantly larger than the doped carrier concentration,
one begins to observe the effects of improved photoabsorption via
enhanced THz generation in the ablated antennas.

3.4 RESULTS

In conclusion, the first THz photoconductive antenna based on fem-
tosecond laser-ablated GaAs is demonstrated, with up to 65% im-
proved THz-generation efficiency compared to SI-GaAs antennas. Our
results are explained by measuring and understanding the impact of
femtosecond-laser-ablation on the optoelectronic properties of SI-GaAs.
Further optimization and directions of study involve the orientation
of the ablated grooves with respect to the electrodes, the polarization
of the optical excitation, or other parameters involved in the ablation
process. The surface structure of the ablated device determined by
ablation parameters such as wavelength, power, pulse duration, and
scanning speed can also be optimized [59, 60]. The ripples seen in our
device correspond to the wavelength of 8oo-nm ablating pulses, and
are subwavelength compared to THz wavelengths. Thus, we estimate
that variations in wavelength of the ablating laser over the visible and
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NIR will not significantly alter the performance of the device from
this perspective. Overall, it is demonstrated that the femtosecond-
laser-ablation process provides a powerful tool to engineer material
properties such as doping, photoabsorption, and carrier lifetime, thus
allowing for a new route toward cost-effective, efficient THz devices
and optoelectronic materials.



OPTIMIZING THE ANTENNA

In the previous chapter it is demonstrated increased efficiency in
terahertz emission from a laser ablated antenna. The first antenna that
was used, has been fabricated from a SI-GaAs substrate, with deposited
gold electrodes and laser ablated surface between the electrodes gap.
To further investigate how the performance of the device can be
improved, we performed a parametric analysis on the laser ablation
process.

4.1 FABRICATION

An SI-GaAs wafer was prepared, by cutting it in square pieces, with
side size of 1cm. Cleaned it with distilled water and detergent, apply
Isopropanol (IPA), acetone in ultrasonic bath and finally dry it with a
jet of nitrogen gas at room temperature, to agitate and remove dirt
particles from the surface. The sample is placed and fixed on a disk
that later rotates at 2000rpm to spin-coat the photoresist, a liquid
polymeric material, with even layer thickness across the entire surface.
The used photoresist was PMMA and is the material that the image
will be transferred to, during the photolithography process. Once
the substrate has been coated with photoresist, the substrate is then
exposed on an exposure device. E-beam photolithography technique
was used to expose individual areas of the photoresist in the bow-tie
shape of our antenna. Once exposed, the substrate is then immersed
in a developer solution, to dissolve away areas of the photoresist,
that were exposed to light. Leaving the negative design pattern of
the mask. After development, the resist pattern is observed on the
substrate. In the next step the sample is placed in a vacuum chamber
for thermal deposition of a thin 5nm adhesion titanium layer, to assist
the 20nm gold layer that follows to stick better on the semiconductor
surface. Finally the sample is bathed in acetone, to remove the leftover
photoresist and rinse with IPA because acetone contaminated with
resist forms streaks when it evaporates.

By the end of this process, a gold bow shaped electrode antenna
is fabricated, on a GaAs substrate that is able to produce THz pulses
when used on a THz-TDS setup. Our next step is to perform laser

63



64

OPTIMIZING THE ANTENNA

ablation on the surface between the electrodes, but previously, the
parameters that can optimize the performance of laser ablation should
be investigated.

4.2 LASER ABLATION

In the following steps, parametric analysis was performed, to deter-
mine the values for the parameters to be used for the laser ablation
of our device. We examine how the ripples from laser ablation are
affected. The ripple shape and characteristics are having an important
role in THz efficiency because of the relation between the surface
semiconductor reflectivity and the IR laser to THz translation ratio. As
mentioned in the previous chapter lower reflectivity is increasing the
optical absorption, which in turn increases the photoexcited carriers,
the photocurrent and as a result the electric field amplitude of the
THz pulse. Ripples are assisting light to get absorbed easier due to
the increased surface area of the semiconductor as well as the shape
of the ripples that traps photons by internal multi-reflections on the
sides of them.

The experimental optical setup consisted of an amplifier system
Spectra Physics Spitfire Ace (800nm, 1kHz, 5m], 70fs), an optical mi-
croscope and a translation stage. The laser beam was guided to the
entrance of the optical microscope, reflected on a dichroic mirror at
800nm wavelength and onto the semiconductor substrate. The sub-
strate was moving perpendicular and on-axis to the beam by a high
precision three axis translation stage. The process was monitored by
a camera in real-time, giving minor feedback for the results of the
ablation process but rather for aligning the ablation patterns.

The threshold for the lowest fluence needed on the surface was
investigated , in order to have laser ablation , which stands below the
limit of surface melting and mass removal. By adjusting scan velocity
of the translation stage, the number of laser pulses applied on the
same area were varied. The number of pulses are acting cumulative,
increasing the ripple depth. Polarization of the initial laser beam, linear
polarized in this case, defines the ripple direction. Finally the step size
in one scanning direction was measured, which causes difference in
spatial overlap of ablation. Post the ablation process Scanning Electron
Microscope (SEM) images where acquired to visualize and quantify
the results.

In this measurement, the optical power of the laser ablation beam
was altered by introducing Neutral Density (ND) filters. A pyroelectric
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Figure 4.1: Dependence of ripple formation on laser optical power at (a)
50uW, (b) 90uW, (c) 545uW, (d) 1340uW.

detector was used to measure the optical power close to the semicon-
ductor surface, but being cautious not to enter the focal area where
the beam has enough intensity to cause damage to the detector. On
the surface of the semiconductor the beam spot size was measured at
20um?. At low power of 50uW ripple formation is visible Fig.4.1a, as
well as with power at 90uW Fig.4.1b. At 545uW a critical threshold is
surpassed causing mass removal and melting with resolidification, as
seen from the patterns on the surface. At even higher optical power
severe damage to surface cause irregular shapes and unpredicted
topography. In this case we didn’t go to lower power since the ripples
are well defined for 50xW already.

By modifying the scanning velocity of the laser beam, the number of
pulses that ablate each spot on the sample were defined. The repetition
rate of the laser as mentioned earlier is 1IKHz causing irradiation of
14 pulses per spot at 300um /s scan velocity (Fig.4.2b) for a spot size
of 4.24um wide. Increasing the number or pulses per spot causes
cumulative contribution causing areas with higher intensity, such as
the center of the beam to have deeper grooves Fig.4.2a. When the
scan velocity is increased to 3mm /s the number of pulses per spot is
decreased to 1.4, being under the ablation threshold and not causing
any ripples but rather small local deformations Fig.4.2c. Another
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Figure 4.2: Dependence of ripple formation on scanning velocity for (a)
30um/s, (b) 300um/s and (c) 3000um/s.

Figure 4.3: Ripple angle direction dependence for laser polarization of (a) 60
and (b) 90 degrees.

parameter to increase the roughness of the surface was to alter the
ripples direction. By inserting a quarter-waveplate (A/4) in the path
of the beam before the microscope, the polarization angle was defined.
For different angles of 60 and 90 degrees, deeper ripples were not
observed, neither rougher surface structures Fig.4.3. Since deeper
grooves on the path of the scanning were observed, it could be due
to high intensity or number of pulses that caused mass removal,
melting and destroying the finer ripples. The laser pulse profile has
a Gaussian energy distribution causing a greater ablation effect in
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Figure 4.4: Different overlap of laser ablation spot, for y-step value of (a)
6.3um, (b) 7.7um, (c) 10.3um and (d) 12um.

a shorter radius of the beam center. By changing the beam overlap
area during the scanning, a higher uniformity in ripple formation
was proposed. Choosing different scan steps in the Y axis, caused
variations in the overlap of the beam. From the acquired SEM images
Fig.4.4 for lower step size, ripples seem to have irregularities, while
as the step size increases, ripples are becoming more homogeneous.
The optimal step size is dependent on beam intensity and number of
pulses per spot.

4.3 PREPARATION FOR THE THZ SETUP

Since the optimal parameters of ablation have been defined in the
previous measurements, they were applied on the fabricated antenna.
The square substrate that holds the antenna needs to be mounted on
a base so it can be placed in the THz-TDs setup. Using a wire bonding
device, the antenna electrodes were connected to larger contacts so the
wires that will be connected to the function generator can be soldered,
for creating the electric field across the electrodes gap Fig.4.5a. A cyan
tint is visible coming from the ablated area caused by the subwave-
length ripple dimensions that act as a diffraction pattern. The bow tie
shape is duplicated and rotated 90 degrees so the shape forms a cross
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around the gap. This design enables to apply the electric field both
parallel and perpendicular to the ripple direction, in order to measure
if THz pulse properties are dependent on the way ripples are aligned
and the polarization of the laser pulse that generates THz. With grey
color is the GaAs substrate, in gold color are the Gold electrodes and
between them the laser ablated gap with ripples creating a grating
effect, reflecting different colors at different viewing angles Fig.4.5b.

Figure 4.5: Photograph of the fabricated antenna (a) mounted on a metallic
disk and wire-bonded to the contacts that connect to the function
generator and (b) under the microscope the ablated area between
the electrode gap.



THEORETICAL MODEL OF GAAS ULTRAFAST
DYNAMICS

5.1 INTRO

Over the past decades, laser-based material processing with ultra-
short pulsed laser sources has received considerable attention due to
its important technological applications, in particular in industry and
medicine [74-82]. Rapid energy delivery and reduction of the heat-
affected areas are the most pronounced advantages of the technique
compared to effects induced by longer pulses [83], which reflect the
merit of the method as a potential tool for laser-assisted fabrication
at micro- and nano-scales. One type of surface modification, the
so-called Laser Induced Periodic Surface Structures (LIPSS) on solids
have been studied extensively for linearly polarized beams. In recent
works, it was also shown that it is possible to produce even more
functional surfaces by using more complex polarization states. It turns
out that the morphological features of structures provide unique
optomechanical properties that can be used in many applications [84—
87].

Previous theoretical approaches or experimental observations re-
lated to the understanding of the underlying physical mechanism for
the formation of these structures were performed in a variety of con-
ditions [88-100]. The most representative types of LIPSS that have been
explored are the usually termed Low Spatial Frequency LIPSS (LSFL),
High Spatial Frequency LIPSS (HSFL) ripples, grooves and spikes. In
case of metallic and semiconducting materials, ripples are formed at
low, microgrooves at intermediate [101] and quasi-periodic arrays of
microspikes [102, 103] at high number of pulses (NP) or fluence. LSFL
have spatial periods of the order of the laser wavelength Ar. In most
materials, they are oriented perpendicularly to the laser beam polar-
ization. In dielectrics, LSFL were observed either perpendicular or (for
very large band gap materials) parallel to the beam polarization. By
contrast, grooves are supra-wavelength structures and are orientated
parallel to the polarization of the laser beam [84, 94, 96] .

To explain the underlying physical origin of LIPSS formation, it is
important to note that following irradiation with ultrashort pulses, a
series of multiphysical phenomena take place [104-108]. With respect
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to the formation of ripples, various mechanisms have been proposed
to account for the production of periodic structures: interference of
the incident wave with an induced scattered wave [89, 91, 94], or with
a SP wave [90, 93, 109—-112], or due to self-organization mechanisms
[113].

While the precise physical mechanism for the origin of LIPSS is still
debatable, one process that undoubtedly occurs is a phase transition
that eventually leads to a surface modification. Physical mechanisms
that lead to surface modification have been explored both theoretically
and experimentally [82, 84, 90, 93, 94, 107, 112, 114-119] and it is
evident that a precise determination of the morphological changes
upon irradiation requires a thorough investigation of phase transitions
and re-solidification process.

On the other hand, femtosecond laser interaction involves several
complex phenomena, including energy absorption, photon-ionization
processes, electron excitation, electron-relaxation processes, phase tran-
sitions and/or thermomechanical effects, re-solidification and mass
ejection. In principle, the laser beam parameters (wavelength, pulse
duration, fluence, number of pulses, angle of incidence and beam
polarization state) determine the onset of the surface modification as
energy absorption, electrodynamical effects and relaxation processes
are critical to the material heating. The complexity of the processes
and ionization mechanisms is material dependent as the laser source is
used to excite, firstly, electrons/carriers from the valence to the conduc-
tion band before the energy is transferred into the lattice system [120].
One characteristic, though, that influences the thermal response of the
material is the amount of the absorbed energy which is also closely
related the electron excitation level (i.e. reflectivity) and dynamics.

To fully understand the ultrafast dynamics of the excited carriers
upon irradiation with ultrashort pulses, it is important to perform
a thorough analysis of the influence of the laser parameters on the
thermal response of the material. Theoretical models that describe the
fundamentals of laser-matter interaction for various types of materi-
als (i.e. metals, semiconductors, dielectrics) and experimental studies
successfully provide a detailed analysis of the physical mechanisms
behind a plethora of structural effects (i.e. production of craters, eval-
uation of damage thresholds, LIPSS formation) [93, 120-124].

Nevertheless, although for many semiconducting materials, the
physical mechanism that describes ultrafast dynamics is well-established
and the theoretical model works efficiently in various conditions (that
lead to high excited carrier densities, 1020 — 10%2cm—3), there is still a
missing picture for some types of semiconductors such as GaAs [105,
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125-128]. More specifically, GaAs is characterized by a higher elec-
tron mobility and higher thermal stability than Si, and it has a direct
band gap which makes it more efficient in absorbing and emitting
light. Thus, this material has a better performance in solar-harvesting
energy-related applications [129] or terahertz antennas [130]. A com-
plete understanding of the ultrafast electron and lattice dynamics for
large number of excited carriers (> 102%cm~3), close and beyond the
damage threshold (i.e. associated to the fluence that induces melting)
of GaAs, will allow the identification of the dominant processes in this
regime. Furthermore, behaviour of the material in conditions that lead
to highly excited carrier densities is expected to allow an optimization
of laser-based micromachining of GaAs and produce morphologies
(such as LIPSS) with impressive properties for the aforementioned ap-
plications. The elucidation of these issues is of paramount importance
not only to understand further the underlying physical mechanisms
of laser-matter interactions and ultrafast electron dynamics but also
to associate the resulting thermal effects with the surface response.
Therefore, there is a growing interest to reveal the physics of the un-
derlying processes from both a fundamental and application point of
view.

To this end, we present an extension of the well established theoreti-
cal model that describes ultrafast dynamics in semiconductors [93, 104,
110, 131-133], to account firstly, for excitation and electron-phonon
relaxation upon heating GaAs with ultrashort pulsed lasers (Section
1I). To the best of our knowledge, a theoretical investigation of the
fundamental multiscale processes has not been performed for GaAs.
The theoretical framework is coupled to a module that accounts for
the formation of SP-generated LSFL ripples by predicting the laser
conditions for the production of sufficiently high density of excited
carriers. As the laser conditions of the simulations lead to a phase
transition, the role of fluid dynamics in the modulation of the surface
profile is briefly explored. Section III explains the details of the nu-
merical algorithm used and the adaptation of the model to GaAs. The
details of an experimental protocol that has been developed are given
in Section IV while a systematic analysis of results and validation of
the theoretical model are presented in Section V by estimating the
damage threshold and ripple periodicities. Concluding remarks follow
in Section VI.
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5.2 THEORETICAL MODEL
5.2.1 Energy and Particle Balance equations

During laser irradiation of a semiconducting material, various physical
processes occur on a femtosecond timescale. As excitation of GaAs
is performed through a laser beam of A; = 800nm corresponding
to photon energy equal to 1.55¢V that is higher than the band gap
of the material ( 1.42¢V, at 300K), it is assumed that one- and two-
photon absorption mechanisms are sufficient to excite carriers from the
valence to the conduction band while higher order photon processes
are less likely to occur. On the other hand, (linear) free carrier photon
absorption can increase the electron energy (but not the number of
the excited carriers) while Auger recombination and impact ionization
processes lead to decrease or increase of the carriers in the conduction
band, respectively.

To describe the carrier excitation and relaxation processes, the relax-
ation time approximation to Boltzmann'’s transport equation [93, 104,
110, 131-133] is employed to determine the spatial (7 = (x,y,z)) and
temporal dependence (t) of the carrier density number, carrier energy
and lattice energy; based on this picture the following set of coupled
(nonlinear) energy and particle balance equations are used to derived
the evolution of the carrier density number N, carrier temperature T,
and lattice temperature T7,

T, = = G 7
CSE=Ve ((ke " kh)VTC> — o (T=T) +S(1
T, = = Cc
.5t =V e (KVTL) + (- Ty) (5-1)
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where C. (Cp) is the carrier (lattice) heat capacity, k. (k;) is the heat
conductivities of the electron (holes), fiw;, stands for the photon energy
(1.55eV for A, = 800nm), asps and Brpa correspond to the single and
two-photon absorption coefficients, respectively, -y is the coefficient
for Auger recombination, 6 is the impact ionization coefficient, and
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T, is the carrier-phonon energy relaxation time 7, = T,
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where Ny, = 2 x 10?'em™3 and 7,9 = 500fs [134]. It is noted, that the
expression for Si was used to approximately estimate 7. as there is not
any reported relevant value. Through this expression, the significance

of carrier density dependence of the relaxation time is recognized.

Other quantities that need to be evaluated are the carrier current
density | and the heat current density W

—
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where D stands for the ambipolar carrier diffusivity, y¥ and u
are the electron/hole mobilities (8500cm?/ Vs and 400cm?/ Vs, respec-
tively, for GaAs [135]) and e is the electron charge (all values of all
parameters and coefficients used in this work are presented in Table
5.1). It needs to be emphasized that it was assumed that the carrier
system is non-degenerate (it follows a Maxwell-Boltzmann distribu-
tion) [131]. Previous reports (for Si) showed that estimation of damage
thresholds or carrier density values do not differ significantly if this
simplification is ignored [132]. Heat conductivity of the carriers (de-
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noted with ‘c’, where it is ‘e’ ("h’), for electrons (holes), respectively) is
provided by the following expressions

. :4k%TCO'C
¢ e
A :eNcyg
o (5.3)
B
N, =2 [CZC:;:IzC] F1/2 (770)

where Fj/5(1.) are Fermi-Dirac integrals of order % (??). The ap-
proximating values for the first two equations are due to the fact
that a Maxell-Boltzmann distribution for the carriers is assumed (non-
degeneracy). To compare the electron (hole) conductivity for Silicon
and GaAs, we take into account the carrier mobilities 1 and their op-
tical effective masses for the two materials: 19(GaAs) = 8500cm?/ Vs,
1)(GaAs) = 400cm?/ Vs, ul(Si) = 1400cm?/ Vs, u) (Si) = 450cm?/ Vs,
1 ona(GaAs) = 0.067m.0, p;_,,a(GaAs) = 0.34m,0, p’__ . .(5i) =
0.33m.0, pj;_,,nq(Si) = 0.81m.0 [132, 135]. These values yield the fol-

lowing ratios k",EG(“%S) = 0.55 and kh(cé‘;gs) = 0.24 which suggests that
the carrier conductivity for GaAs is smaller (or at least of the order)
than that of the Si. These results indicate that carrier diffusion does
not have a substantial impact on the electron-hole creation as in Si
[132]. Thus, the influence of the carrier heat conductivity is ignored
(we set, for simplicity k. = k;, = 0) as carrier diffusion has in general,
little impact on the creation of electron-hole carriers [131, 132]. This
approximation is valid for Silicon and it can be assumed that it holds
true for GaAs ([131, 132], given the computed values of k., kj, are also
smaller than those of Si [136]).

The laser intensity I(7,t) in Eqs.(5.1,5.2) is obtained by consider-
ing the propagation loss due to one-, two-photon and free carrier
absorption, respectively [104]

= —(aspa + pca) (7, 1) — Brpal?(7,t) (5.4)
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assuming that the laser beam is Gaussian both temporally and
spatially and the transmitted laser intensity at the incident surface is
expressed in the following form

— = _ (26242 i\ 2
7TTp

(5.5)

where E, is the fluence of the laser beam and 7, is the pulse duration
(i.e. full width at half maximum), Ry is the irradiation spot-radius
(distance from the centre at which the intensity drops to 1/¢? of the
maximum intensity, and R is the reflectivity while irradiation under
normal incidence was assumed.

The computation of the free carrier absorption coefficient and the
reflectivity are derived from the dielectric constant of the material
(assuming also corrections due to band and state filling [137]), €/,

N, eN,
e =1+ (e —1<1—e>— d
(ewn = 1) N, eow?
. . (5.6)
X +
* -1 * -1
[mecond (1 + leTm,) My cond (1 + leTml)

where ¢,, is the dielectric constant of the unexcited material at
AL = 800nm (e, = 13.561 + 0.631057) [138], m)__,,.; = 0.067m,,
my_ nq = 0.34meo are the optical effective masses of the carriers [139]
for conductivity calculations, m,g is the electron mass, g is the permit-
tivity of vacuum, N, corresponds to the valence band carrier density
(5 x 10%22cm™3) and 7.0l stands for the carriers (electron-hole) collision
time. It is noted that optical effective masses are taken to be constant
for GaAs and the excitation conditions do not alter them. Similar
assumptions were made for Silicon or Germanium that demonstrate
that constant values yielded an adequate description of dynamics
and morphological effects [93, 104, 108, 131, 132]. The Drude collision
time for carriers was assumed to be equal for the two particles (elec-
tron and holes), while contribution from only the electron-phonon,
hole-phonon and electron-hole collision was considered in the cal-
culation of the total collision frequency of the particles. While the
electron-phonon and hole-phonon collision frequencies are assumed
to be identical and computed through the empirical expression A, T
(Agp = 1 x 10Ms71K™1), the electron-hole collision time is estimated
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through the expression (that is valid for a non-degenerate carrier
system) [132]

1/t = (5.7)

V3eort(kpT,)3/2 [ 1 1 ] V2
2¢2 m* o
e—DOS h—DOS

where m;_qg = 0.067me and mj,_ e = 0.47m [139]. In previous
reports, it was shown that a transient change of the collision frequency
leads to different damage thresholds and therefore influences the
thermal response of the material due to produced different energy
absorption [132].

Despite estimates in other reports that assume a dynamical variation
of T.,1[132], for the sake of simplicity, a constant value, T.,; ~ 10fs is
assumed in the simulations as for Si [108]. The reflectivity and free
carrier absorption coefficients are given by the following expressions
(i.e. for a flat surface)

2wik
arca(x,y,z,t) = CL
(5-8)
(1—n)>+k?
Ry z=00) =

where c stands for the speed of light while 7 and k are the refractive
index and extinction coefficient of the material, respectively. By con-
trast, reflectivity for a non-flat profile depends on the corrugation of
the morphology and it denoted by R(x, y, surface, t) (computation of
R(x,y,surface,t) is described in Section III) while Eq.5.5 is replaced
with

2V In2E,(1 — R(x,y,surface,t))
VT (5.9)
7(2(X2+y2)

_ o y2
i2 )e 4In2( % )

I(x,y,surface, t) =

e

5.2.2  Surface Plasmon Excitation

As explained in the Introductory section, the excitation of SP and its
interference with the incident beam constitute one of the dominant
mechanisms that aim to explain the formation of LSFL [93, 107, 108,
140, 141]. Nevertheless, coupling of the incident beam with SP modes
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is possible only if there is an initial corrugation (for example, sur-
face defects [93]) or via index matching [140] and grating coupling
[142]. Due to an inhomogeneous deposition of the laser energy on
the semiconductor as a result of the exposure to a linearly polarized
Gaussian-shape beam, the surface of material is not expected to be per-
fectly smooth after resolidification following irradiation with NP =1
(crater [93]); hence, further irradiation of the non-planar profile will
give rise to a SP which is capable to couple with the incident beam
yielding a resultant periodically modulated intensity (~ exp(iks o 7))
[93] Itotal(7/ t) = <|Eincid6nt + E:SP}2> [93/ 143]~Thus/ form this expres-
sion, it is evident that the interference of the incident and the surface
waves (SP) leads to a periodically modulated intensity profile.

According to theoretical predictions and experimental studies, the
interference of the incident and the surface wave results in the devel-
opment of periodic ripples (LSFL) with orientation perpendicular to the
electric field of the laser beam [88-100]; this is generated, firstly, by the
development of the aforementioned spatially periodic energy distribu-
tion that yields a periodic distribution of the electron temperature field.
Upon relaxation due to electron-phonon scattering, the characteristic
spatial modulation will be projected on the lattice system and fluid
dynamics (when the material undergoes a phase transition) leading
eventually to a rippled profile when the resolidification process ends.

The dispersion relation for the excitation of SP is derived by the
boundary conditions (continuity of the electric and magnetic fields at
the interface between a metallic and dielectric material) (¢; = 1)for a
flat surface (NP = 1). Therefore, a requirement for a semiconductor to
obey the above relation and conditions [93, 140] is that Re(¢') < —1
and the computed sP wavelength Ag is given by

Ag = L (5.10)

eey
Re (S, +Sd)

The condition Re(¢') < —1 and Egs.(5.6,5.10) can be used to derive
the range of values of the excited carrier densities that lead to spr
excitation. It is evident that carrier densities larger than ~ 1.5 x
10?'cm =3 lead to excitation of sp (Fig.5.1). Although, Eq.(5.10) can
be used to calculate the SP and, eventually, the ripple periodicity,
there exists a discrepancy between the experimental observations and
theoretical prediction. More specifically, special attention is required
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Figure 5.1: Surface plasmon wavelength as a function of the excited carrier
densities when the SP excitation condition is satisfied.

when the surface profile changes from a flat to a periodically cor-
rugated one. Previous studies reported that a systematic analysis of
the distribution of the electric field of the laser beam shows that there
exists a correlation of the SP wavelength with the depth of the periodic
structure that leads to the best sp-laser coupling and therefore Eq.5.10
is no longer valid [90, 97, 144](see discussion in Sections III, V).

As pointed out above, although Eq.8 indicates the SP excitation
condition for NP=1, a coupling of the SP with the incident beam
requires a corrugation/defect on the surface; given that for NP=1,
a corrugation is not present, an interference between a SP and the
incident beam is not possible and therefore ripples cannot be produced.
By contrast, the modified profile (following surface modification after
NP=1) produces the initial corrugation required to both excite SP
and induce coupling with the incident beam [145]. This will lead to
the required inhomogeneous energy deposition that eventually leads
to a periodic structure formation [91, 93, 109] through a periodic
modulation of the intensity (Sections III, V).
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5.2.3 Fluid Dynamics and material removal

Due to the evident need for the introduction of a phase transition for
the description of an induced morphological change, fluid dynamics
is introduced. The material that undergoes melting is assumed to be
an incompressible Newtonian fluid and its dynamics is described by
the following equations [93]:

(i). for the mass conservation (incompressible fluid):

Veil=0 (5.11)

(ii). for the energy conservation:

C(m) aTL(M)
L ot

+Ve (ﬁTém)) =Ve (Kém)ﬁTém)) (5.12)

where (Kgm)) is the thermal conductivity of the molten material. The
presence of a liquid phase requires a modification of the second of
Eq.5.1 to incorporate heat convection. This means that while the second
equation in Eq.5.1 that describes the lattice temperature evolution
still holds for material which is in the solid phase, an appropriate
modification is required to account for the transport/convection of
the fluid [93]. Furthermore, an additional term with a J-function is
presented in the equation to describe a smooth transition from the
liquid to solid phase

aT™

cm

aT™
ot

+Ve (ﬁTL(’“))} — Lu6(TI™ = T,)
(iii). for the momentum conservation:

o (G 7o T) = Vo (<P u(¥D) 4 p(¥D)) )

where i is the velocity of the fluid, u is the liquid viscosity, P is
the total pressure (hydrodynamical and recoil) and Cém) stands for
the heat capacity of the liquid phase. Vapour ejected creates a back
(recoil) pressure on the liquid free surface which in turn pushes the
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melt away in the radial direction. The recoil pressure and the surface
temperature are usually related according to the equation [146, 147]

TS — T,
P, = 0.54Pyexp| L,—L—" 1
r 0 P( v RTLSTb > (5.15)

where P is the atmospheric pressure (~ 10°Pa), L, is the latent heat
of evaporation (of the order of 107kJ /m? as for Silicon and Germanium
[148]), T, stands for the boiling temperature, R is the universal gas
constant, and T? corresponds to the surface temperature. The surface
tension in pure molten GaAs decreases with growing melt temperature
(Table 5.1), which causes an additional depression of the surface of
the liquid closer to the maximum value of the beam while it rises
elsewhere. Hence, spatial surface tension variation induces stresses
on the free surface and therefore a capillary fluid convection is pro-
duced. Thus, a surface tension related pressure is derived, P, which is
expressed as P, ~ 0.

(iv) shallow water equations:

Due to the phase transition, the dynamics of the molten material will
determine the surface profile when solidification terminates. Thus, the
generated ripple height is calculated from the Saint-Venant’s shallow
water equation [149]

OH(7, 1)

— V(H(7, t)ii) =0 (5.16)

where H(7,t) stands for the melt thickness which evolves and pro-
vides the final surface morphology upon resoldification.

The presence of an intermediate zone that contains material in both
phases when the solid undergoes a phase transition will complicate
the description of flow dynamics (presence of a mushy zone [150]).
Nevertheless, to avoid complexity of the solution of the problem
and given the small width of the two phase region with respect to
the size of the affected zone a different approach will be pursued
where a mushy zone is neglected and transition from to solid-to-liquid
is indicated by a smoothened step function of the thermophysical
quantities. In previous reports, the role of the recoil pressure and
critical temperatures were also taken into account to model ablation
(material removal) conditions [93] (i.e. boiling [98] or critical point
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of the material [93] yielding a lattice temperature of the order of
~ (2.5 =3) X Ty or equivalently ~ 0.90 T,,jsicqr (see [93, 151-153] and
[136]). However, in the current work, due to the lack of knowledge of
relevant parameters and for the sake of simplicity, a lattice temperature
of the material equal to approximately 3 x T,,.;; is assumed to lead
to the onset of mass removal. Furthermore, T}, is taken to be equal to
~ 2.5 x Tmelt (approximately similar to the experimentally confirmed
relation for Silicon or Germanium).

5.3 NUMERICAL SOLUTION

Due to the inherent complexity and highly nonlinear character of
the equations in Section II, an analytical solution is not feasible and
therefore, a numerical approach is pursued. Numerical simulations
have been performed using a finite difference method while the dis-
cretization of time and space has been chosen to satisty the Neumann
stability criterion. Furthermore, it is assumed that on the boundaries,
von Neumann boundary conditions are satisfied and heat losses at
the front and back surfaces of the material are negligible. The initial
conditions are T,(t = 0) = Tr(t = 0) = 300K, and N, = 102cm 3 at
t = 0. The parameters for GaAs used in the simulation are summarized
in Table 5.1.

The values of the laser beam used in the simulation are: The (peak)

fluence is Ep( = Vntlo/ (2\/ln2)>, where Iy stands for the peak

value of the intensity while R in Eq.5.5 is taken to be equal to 20um.
The wavelength of the beam is A;, = 800nm. A common approach fol-
lowed to solve similar problems is the employment of a staggered grid
finite difference method which is found to be effective in suppress-
ing numerical oscillations. Unlike the conventional finite difference
method, temperatures (T, and Tr), carrier densities (N,), pressure (P)
are computed at the centre of each element while time derivatives of
the displacements and first-order spatial derivative terms are evalu-
ated at locations midway between consecutive grid points. Similarly,
the carrier density f(x, y,z,t) and the heat carrier density W(x, Y,z,t)
are evaluated at the above locations rather than at the centres of each
element. On the other hand, the horizontal and vertical velocities
are defined in the centres of the horizontal and vertical cells faces,
respectively (for a more detailed analysis of the numerical simulation
conditions and the methodology towards the description of fluid dy-
namics, see Ref.[93]). It is also assumed that, for NP =1, J(z = 0,t)
and W(z, t) at the front (z = 0) or the other end of the irradiated region

81



82

THEORETICAL MODEL OF GAAS ULTRAFAST DYNAMICS

(z = 10um) vanish. By contrast, for NP > 1 (for which the surface
profile is modified), some modification is required: For irradiation
with NP > 1, the incident beam is not always perpendicular to the
modified profile, therefore the surface geometry influences the spatial
distribution of the deposited laser energy. For example, the laser irra-
diation reflected from the profile slopes can lead to light entrapment
between the formed structures. Similarly, energy absorption is altered
if incident beam irradiates at zero or different angle and therefore
energy absorption varies on the slopes. Typical Fresnel equations are
used to describe the reflection and transmission of the incident light.
Due to a potential multiple reflection, absorption of the laser beam
is also modified [154] and thereby a ray tracing method is employed
to compute the absorbed power density while a similar methodology
is ensued to estimate the proportion of the refraction by applying
Snell’s law. With respect to the numerical scheme used to simulate
dynamics of velocity and pressure fields, a similar procedure is ensued
in the event of subsequent pulses, however in this case the interaction
with the modified surface profile induced by the first pulse due to
the hydrodynamic motion of the molten material and its subsequent
resolidification, should be taken into account. While second order
finite difference schemes appear to be accurate for NP = 1 where
the surface profile has not been modified substantially, finer meshes
and higher order methodologies are performed for more complex and
profiles [155, 156]. By taking into account the above, in corrugated
surfaces Eq.5.9 instead of Eq.5.5 is used.

Regarding the boundary conditions for the fluid dynamics, the
following constraints are imposed:

1. il =0, on the solid-liquid interface (non-slipping conditions),

ol do JT.
2. ‘u—u = —U—f , on the top surface (T is the surface
0z oTs o7 7 on surface

temperature and ¢ stands for the surface tension), ). Its gradient
along the tangential direction is balanced by shear stress (the
position vector, 7,is taken on the surface of the molten profile),

3. P =0, on the top surface.

Numerical integration is allowed to move to the next time step
provided that all variables at every element satisfy a predefined con-
vergence tolerance of £0.1%. To simplify the solution procedure, it
is noted that hydrodynamic equations are solved in regions that con-
tain either solid or molten material. To include the ‘hydrodynamic’
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effect of the solid domain, material in the solid phase is modelled
as an extremely viscous liquid (iserig = 10°%), which will result into
velocity fields that are infinitesimally small. An apparent viscosity is
then defined with a smooth switch function similar [93] to emulate
the step of viscosity at the melting temperature. Resolidification is
considered when the lattice temperature of the molten material drops
below T,.;. With respect to the material removal part of the simula-
tion, lattice and carrier temperatures are computed over time and if
lattice temperature reaches ~ T, mass removal is assumed [93, 153].
In that case, the associated nodes on the mesh are eliminated and new
boundary conditions of the aforementioned form on the new surface
are enforced. In order to preserve the smoothness of the surface that
has been removed and allow an accurate and non-fluctuating value
of the computed curvature and surface tension pressure, a fitting
methodology is pursued.

5.4 EXPERIMENTAL PROTOCOL

A TiSapph regenerative amplifier laser was used with central wave-
length at 800nm, at 1kHz repetition rate, of 100fs pulse duration and
5m] pulse energy. The laser beam was guided through an optical
microscope setup onto a SI-GaAs substrate. A pyroelectric sensor was
used to measure the power at the sample surface (~ 200m] /cm?). The
irradiation took place in room conditions at 101.325kPa (1atm). A two
dimensional high precision translation stage was used to move the
sample with spatial resolution of 1yum. The sample was fixed on a two
axis translation stage that was set to move at a constant velocity equal
to 300um /s perpendicularly to the laser beam direction. By setting the
repetition rate of the laser at 1kHz and the beam spot size of 4.24um
on the focal plane of the surface, each point of the material was irra-
diated by 14 pulses (on average). The beam moved relatively to the
sample in a zig-zag motion scanning a square area of 50um x 50pum.
On the sample shown in Fig.5.2, the laser beam is scanning along
the x- direction but making small steps on the y-direction. The y-step
length is selected to match the ablation spot diameter velocity with a
constant pulse repetition rate of 1KHz, causing overlap of each abla-
tion spot. From shot to shot the overlap is calculated to 93%. The time
scale of dynamics investigated in these experiments (> 50ps) is much
shorter than the delay between consecutive pulses (1ms for 1KHz lase
amplifier system). For every repetition, the fluence for each pulse has
an isolated effect and is not influenced by the next pulse but instead
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Solid phase
Quantity Symbol (units) Value
Initial temperature To(K) 300
Electron—hgle pair heat C.(J/m3K) 3 % 108 Nokp
capacity[157]
. 5 —
Latt1c':e heat Ci(]/mPK) (3.235 x 10 ;—5_22.81TL
capacity[158] 1.48 x 10°T, “)pr
Latt1c'e beat K (W/mK) 71 x 104 x T, 15
conductivity[159]

2.4337 x 1071 — 8.6646 x
10723T? /(Ty, + 204)
. 6 _
Interband absorption 4 (m1) 2.91 x 10° x exp [3.22(1.184

Band-gap energy[160] E¢(])

(800 nm)[161] sP Eg(Tr))]
Two-photon absorption m/W 9
(800 nm)[162] Prea(m/W) 110
Auger r.ec.ombmauon o (m /sec) 11 x 10-43
coefficient[163]
Impact ionization S(sec—1 10 _
coefficient[104] (sec™) 3.6 X107 exp(~1.5Eg/kTe)

Energy relaxation

2
14 (e =0.
. Te(Sec) T€0|: + (Ncr) :|’ TL’O 0 5pS/
time[134]

N, =2 x 10¥m=3
Complex dielectric

¢ .
function[164] 13.561 + 0.63105¢
Free electron rest no(gr) 911 x 10-23
mass[165]
Effective mass for
density of states[165]
Electrons m; pos/ Mo 0.067
Holes My, pos/ Mo 0.47
Effective mass for
conductivity[165]
Electrons My cond/ Mo 0.067

Holes My, cond/ M0 0.34
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Molten phase
Quantity Symbol (units) Value
Lattice heat 3
C K
capacity[166] L{J/m°K) 04601
Lattice heat 129
K;(W/mK 4 ((m)
conductivity [167] ((W/mK) 7.54 x 104(T.")
~8.2917 x 103(T\"™)* -
Density[167] pr(gr/m3) (T."™)

Dynamic viscosity[168]

Surface tension[169]

Energy relaxation
time[104]
Melting temperature

Latent heat of melting
(fusion)[167]

u(gr/msec)

o(N/m)

T (sec)

Tmelt(K)

Lmelt(]/m3)

85.624(T\™) +5.3429 x 10°
1) = (1) +
p2(1)")* + p3(T") + pa
pl = —-3.717 x 107V
p2 = 1.569 x 103
p3 = —2.208, p4 = 1036

0.401 — 0.18 x 10-3(T\™ —
Tert), for Tr < 1610K[169]

0.5821(T\"™)> — 6.8871 x
10-°(13")°
—4.7281 x 10-8T\")

+7.5591 x 1012, for
1610K < T;, < 3Tyerr [136,
169]

10712
1511

3.783 x 10°

Table 5.1: Optical and material parameters of GaAs
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the sum of pulses has an accumulative effect on the reshaping of the
geometry of the surface.

A parametric analysis was performed by varying the scanning ve-
locity, the beam overlapping area of ablation and fluence relative to
the scanning direction. Since comparison of results as a function of
scanning velocity is not convenient, the scanning velocity is converted
to the number of pulses per spot through the relation with the laser
repetition rate (hence only the NP is used in this work and not the
scanning velocity). To characterize the produced surface profiles, a SEM
was used (Fig.5.2a). A Two-Dimensional Fourier Transform (2DFT) was
applied, to measure the spatial frequency of the ripples in a zoomed
area of dashed box on the ablated sample (Fig.5.2b). It is illustrated
that the ripples are orientated perpendicularly to the linear polariza-
tion of the laser beam for a linearly polarized (p-polarized) beam.
In the 2DFT plot Fig.5.2¢, three spatial frequencies are identified. The
lowest frequencies around zero in the middle of the graph, correspond
to patterns with low to no periodicity or noise. By contrast, the fre-
quencies around +1.6um ™! correspond to periodic structures related
to LIPSS. Finally, the highest frequencies are related with the side edges,
two in each ripple, thus the double spatial frequency compared to
the main body and image noise patterns ([136]). Those frequencies
are not predicted by the SP model. The areas containing the spatial
frequencies of the LIPSS are plotted by performing in inverse Fourier
transform to identify the ripple formation position (Fig.5.2d). The 2DFT
analysis and the bandwidth of the spatial frequencies of LIPSS yield a
dispersion of the ripple periodicities in a range between 550nm and
680nm. In this Fig.5.3, a 2DFT was applied as in Fig.5.2 in the main
manuscript . However, instead of plotting the spatial frequency at
+1.6um~!, an inverse Fourier transform was applied at ~ +3.2um ™!
to verify that the area with double the frequency of the ripples belongs
to the edges of the ripples. More specifically, in (a) the area where
2DFT is applied is illustrated in (b) is the Fourier transform and the
power spectrum taken from the area in the white dashed box. In (c) is
the inverse Fourier transform from the red dashed box in (b). In (d)
we have overlapped (c) in red color on top of (a), to make clear the
distinction of the points that define spatial frequencies of the 2DFT are
at ~ £3.2um~1.
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Figure 5.2: SEM image of the laser ablated surface of GaAs sample and
analysis: (a) complete view of the scanned area(E stands for the
laser beam polarization), (b) zoomed area of (a),(c) 2D Fourier
transform of the area in (b), (d) inverse Fourier transform from
the areas in (c) red boxes at +-1.6ym ™! generating a rippled region
with periodicities in a range between 550nm and 680nm. (E, =
200m]/cm?, T, = 100fs, NP = 14).
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Figure 5.3: SEM image and analysis of the inverse Fourier transform on the
~ £3.2um~! frequencies to verify that the area with double the
frequency of the ripples belongs to the edges of the ripples.
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5.5 RESULTS AND DISCUSSION
5.5.1 Ultrafast Dynamics and SP excitation

The ultrafast dynamics and the thermal response of the heated ma-
terial are investigated to take into consideration the role of fluence
and the pulse duration. Firstly, laser conditions for irradiation of GaAs
with a single pulse of fluence E, = 70m]/cm? and pulse duration
Tp = 100fs are assumed. The evolution of the carrier density and the
carrier and lattice temperatures are illustrated in Fig.5.4. Similar to
results for Si, the behaviour in the nonequilibrium regime is due to the
difference between the temporal scales of the pulse duration and the
electron-phonon relaxation times [93, 103, 108, 131, 132]. The carrier
temperature remarkably increases during the first moments of irradia-
tion (see inset in Fig.5.4) due to the fact that the heat capacity of the
carrier system is several orders of magnitude larger than that of the lat-
tice. The main processes of energy gain of the electron system through
a (linear) one-photon and free carrier energy absorption. Following
a short period when the carrier system does not further increase its
energy, Tc rises rapidly as the available pulse energy increases. To
explain the initial increase followed by a slightly decreasing carrier
temperature (clamped region) that occurs before the amount of the
absorbed energy becomes significant which, subsequently, leads to a
rapid rise of Te, one has to examine the contribution of the competing
mechanisms indicated by the various components in the “source term’
(Eq.5.2). As demonstrated for Silicon [93, 104, 131, 132], fluence plays
a very significant role in the shape of the T, curve. More specifically,
at lower fluences (Fig.2a in Ref [136]), there is initially, a small amount
of electron-hole pairs that leads to a small carrier heat capacity. As a
result, Eq.5.2 yields a noticeable increase of T, which continues until (i)
the energy absorption is large enough to generate a sufficient amount
of carriers, and (ii) the energy loss due to a pronounced thermal trans-
fer from the carriers to the lattice. The increase of these two factors
lead to a decrease of the thermal energy of the carriers that is also
reflected from the decrease of T, (i.e. due to the increase of the relevant
terms in Eq.5.2). On the other hand, larger fluences produce larger
amounts of carriers and (given the fact that one photon-absorption
and Auger recombination are the two predominant factors that alter
carrier density), Auger recombination becomes significantly important
as it varies as N>. Hence, the enhanced Auger recombination (Fig.2b
in Ref [136]) converts carrier ionization energy into kinetic energy
that results into an increase of the carrier temperature before it starts
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Figure 5.4: Evolution of the carrier density, electron and lattice temperatures
atx=y=z=0(E, = 70m]/cm? , Tp = 100f5s).

falling again. Therefore, for moderate values of fluence, a two peak
structure of T, is shown. Finally, at even larger fluences (used in these
simulations), the first peak almost disappears yielding a slow decrease
(clamped region) before a much higher peak is produced that occurs
after the carrier density has reached its peak (Fig.5.4).

It is evident around the time the pulse yields the peak intensity,
the carriers acquire their highest energy and in that case, two-photon
and free carrier absorption processes have a significant influence. The
increase of the carrier energy even after the time at which their density
has reached its maximum is due to the free carrier absorption.

After the carriers reach the highest energy, their temperature start
to decrease mainly because of their interaction with the lattice while
Auger recombination delays the heating of the lattice. On the other
hand, the decrease of the carrier density is caused by the Auger re-
combination effect (Fig.5.4). It is noted that Te attains very high values
and this could potentially influence the energy band gap response.
Nevertheless, the adequate description of carrier dynamics and ther-
mal response of Silicon [93, 104, 131, 132] by ignoring a dramatic
change in the band gap for large T, indicates that the influence of very
energetic carriers is insignificant to E¢. Therefore, even for GaAs, a Ty -
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dependence is assumed regardless of the magnitude of T;. Certainly, a
more rigorous approach (e.g. based on first principles) should also be
considered to estimate a possible E, variation for large T,.

The reflectivity of the irradiated material drops rapidly within the
pulse duration to a minimum value that corresponds to Re(e) = 1
(Fig.5.6) (see also Ref. [137]) before it starts rising as the density of the
excited carriers increases sharply. The Auger recombination related
decrease of Ne leads to a gradually relaxation of reflectivity towards
the initial value of the unexcited material. On the other hand, Fig.5.6
shows that the density becomes large enough to satisfy the criterion
for excitation of SP (i.e. Re(¢) < —1). Furthermore, the steep increase of
the reflectivity around the ‘metallisation” of the material (i.e. Re(e) = 0)
is demonstrated in Fig.5.6. The metallic behavior is also followed by a
phase transition the material undergoes (i.e. melting).

To illustrate the effect of fluence on the optical properties of the
irradiated material and the induced energy absorption that is expected
also to influence the thermal response of the system (and equilibration
process) as well its surface morphology, the evolution of reflectivity
is investigated for various values of E,. Simulation results indicate
that there exists a faster acquisition of the minimum value (shift of
the minimum to smaller times in Fig.5.7a) which is attributed to
the generation of an increased number of carriers at higher fluences.
Unlike the behavior for small values, at larger fluences the reflectivity
increases abruptly (around Re(e) = 0 as seen in Fig.5.7a demonstrating
a metallic behaviour). The variation of fluence not only

influences the temporal evolution of the reflectivity but also its
absolute maximum change from the initial value at t = 0, R. It is
shown (Fig.5.7b) that R which is taken to be around the moment of
phase transition (t ~ 350fs) decreases for small values of the laser
fluence while it increases at larger E, (where the metallic behaviour is
more pronounced.

On the other hand, the role of both the fluence and the pulse dura-
tion in the response of the dielectric constant is illustrated in Fig.5.8.
More specifically, it is evident that the real part of the dielectric con-
stant drops at increasing fluence for a specific 7,. To interpret the
results, it is noted that when the semiconductor is in an unexcited
state, the condition Re(e) > 0 holds (despite the dielectric constant
is dependent on the laser wavelength, this condition is always valid).
As the carrier density increases, the material moves to the ‘metallic’
regime. Therefore, higher energies are expected to allow the resonance
condition (i.e. Re(e) = 0) to be met easier as unlike a small absorption
efficiency at small intensities, energy absorption is more pronounced
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due to a significant contribution of multi-photon-assisted excitation
[108]. Similarly, keeping the fluence constant, a higher energy absorp-
tion is achieved when the temporal width of the pulse is smaller
which results in an enhanced density of excited carriers. In Fig.5.8, it
is shown that the laser conditions suffice to excite SP (Re(e) < —1).

To emphasize on the features of the excited SP, a spatiotemporal
representation of the real part of the dielectric constant (Fig.5.9) is
illustrated. The white line defines the boundaries of the region in
which the material is characterized by Re(e) < —1 which allows the
excitation of SP. According to the illustrated picture, the maximum
damping depth is of the order of 18nm if the SP conditions are satisfied.
This is similar to the simulated value for Si [108].

On the other hand, the lifetime of the SP (i.e. smaller than the time
required for melting and larger than the time needed to couple with
the incident beam) as well the carrier density value (~ 2.6 x 10%cm—3
at around 80% of the intensity (Fig.5.10)) indicate that a SP-related
periodic modulation of a resultant energy deposition through the
coupling with the incident beam is possible (for this part, simulations
have been performed for E, = 200m]/ cm?, T, = 100fs to compare
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with experimental results). According to the computed value of the
sp wavelength (~ 772nm) based on the relevant N, (2.6 x 10*'cm~3)
and the use of Eq.5.10, there is a deviation from the experimental
result (in the range of between 550nm and 680nm for NP = 14). This is
an indication that the employment of Eq.5.10 towards calculating the
sp-resonance wavelength is problematic as the expression was derived
on the assumption that

the surface morphology is flat (i.e. requirement of continuity of
electric and magnetic field on flat profiles). Therefore, as suggested in
Section II, a different methodology is

required when NP is large enough to lead to the production of
corrugated surfaces.

5.5.2  Periodic structures and damage thresholds

In previous reports, a correlation of the sP wavelength on the cor-
rugation depth was proposed based on Finite Difference Time Do-
main (FDTD) simulations [9o, 144]. While the evaluation of the opti-
mum coupling of the laser beam with the excited SP requires appropri-
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ate calculations for GaAs, an estimate of the SP wavelength values can
be deduced given the resemblance of the produced depths to those
in our simulations. The dependence of the SP wavelength (Agp) as a
function of the corrugation height is

illustrated in Fig.5.11a (a blue shift to smaller wavelengths with
increase of corrugation height as shown for Silicon (Si) [9o]) while the
approach to describe the multiscale physical mechanisms presented
in Section II yield the correlation of the periodicity of the induced
structures as a function of the number of pulses (Fig.5.11b). To correlate
the number of pulses with the induced ripple’s corrugation features
(bottom-to-peak distance), Eqs.1-14 were solved together to calculate
the effect of ablation and hydrodynamical transport impact; the latter
is illustrated through the analysis of the fluid transport that is due to
the temperature gradient and induced Marangoni mechanism of mass
transfer [93, 136]). The surface profile produced from the simulations is
illustrated for NP = 14 in a sector of the heat-affected region (Fig.5.12)
where the rippled profile is characterized by an average periodicity A
that is approximately equal to 637nm. It is shown that the orientation
of the induced periodic structures are perpendicular to the polarization
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of the electric field of the incident beam (indicated by the black doubled
arrow in Fig.5.12). The simulated result for NP = 14 for the ripple
frequency (~ 637nm while the sP wavelength is 648nm) appears to be
close to the experimental result (Fig.5.2). The value difference between
the sp wavelength and the predicted result is due to the correction
assuming the role of fluid dynamics [93, 111]. Certainly, conditions
that could improve the agreement with experimental observations
include the consideration of a more precise mass removal mechanism
of the material due to intense heating [93, 111], as a deeper profile
is expected (Fig.5.11a) to lead to a larger shift of sP wavelength to
smaller values. An expected damage threshold sharp decrease due to
incubation effects (i.e. formation of self-trapped excitons) could also
lead to an increase of the profile depth that is necessary to induce the
deeper profile [170, 171]. However, as a detailed description of the role
of incubation effects for GaAs is still elusive [170, 171], further analysis
especially at high temperatures cannot be performed in a conclusive

and accurate way. One approach to attain a more accurate descrip-
tion is to incorporate molecular dynamics into the continuum mod-
elling methodology [172].
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Figure 5.13: Damage thresholds and carrier density as a function of the pulse
duration at z = 0.

The decrease of the SP wavelength with increasing dose (i.e. NP)
that is reflected on the periodicity of the rippled profile (Fig.5.11b)
follows the pattern also observed or predicted in other materials (see
[84, 93—98, 100, 109, 173] and references therein). More specifically,
a steep decrease is followed by saturation point. Although it is of
paramount importance to explore whether (and at what values of NP),
different periodic structures (i.e. grooves or spikes) are formed [84, 85,
174], such an investigation is beyond the scope of the present study.

While a detailed description of the physical mechanisms that lead
to LIPSS formation is expected to allow production of the periodic
structure formation in a systematic way, another significant area of
investigation is the correlation of the damage thresholds (for NP =
1) with the laser parameters and more specifically the laser pulse
duration. In regard to the determination of the value of the ‘damage
threshold’, it is noted that there is an ambiguity regarding to whether
morphological damage is associated to a mass displacement due to
melting and re-solidification of the material or it is related to a mass
removal (i.e. or ablation). In Fig.5.13, the computed

fluence (‘“damage threshold’) corresponds to the minimum fluence
value that induces melting of the material and it is plotted against
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the pulse duration. As explained previously, a pulse width increase
leads to a decrease of the absorbed energy (reflected also on the
reduced number of excitation carriers shown in Fig.5.13) which in-
dicates that more energy is required to damage the surface. Hence,
in that case, the pulse should be characterized by a higher intensity
that increases the damage threshold. Simulation results show that the
damage threshold varies as ~ 7, at small pulse durations (< 1ps,
where ¢ = 0.053 & 0.011). Similar dependencies have been estimated
for other materials [123, 131, 161]. By contrast, at larger 7,, there is
a pronounced decrease of the damage threshold which is explained
by an increased maximum lattice temperature [131]; the decline of
the damage threshold at increasing pulse durations (larger than a few
ps) has also been reported in previous studies [104, 131, 161]. The
theoretical prediction is tested against experimental data in previous
reports, nevertheless, those experimental results correspond to abla-
tion studies or in other conditions [105, 126-128]. More specifically, in
a previous report, Eiammge = 100m] /cm? for T, = 70fs while experi-
mental results in this work and an analysis of the SEM images (Fig.5.2)
show that the laser conditions ( Eﬁummage = 200m] /cm? for T,100f5)
produce some small mass removal. Due to the fact that mass removal
requires large temperatures which in other materials is estimated to
be about 2-3 times larger than the melting point (considering tem-
peratures above the boiling or critical points [93, 98]) and given the,
approximately, linear dependence of the temperature from the fluence,
a rough estimate can be deduced to project the damage thresholds
in Fig.5.13. Therefore, an estimated 35 — 37m]/cm? is deduced for a
(experimental) value for the melting threshold for 7, = 100fs which
is in a good agreement with the theoretical predictions (Fig.5.13).
Nevertheless, a more accurate conclusion will be drawn if more appro-
priately developed experimental protocols are introduced to evaluate
the damage thresholds at the onset of the phase transition. To the best
of our knowledge, there are not similar reports with experimental
results for the pulse durations explored in this study.

Furthermore, apart from the estimation of the damage threshold
and the frequencies of the periodic structures, the methodology can
be used to derive further a complete description of the evolution of
the morphological features of the induced structures (such as height,
depth, volume of ablated region, etc.) as well as an elaborated account
of the fluid dynamics (see [136]). Similar approaches have been ensued
in previous reports [93, 97], however, a detailed presentation of such
results is beyond the scope of the current work.



5.6 CONCLUSIONS

The theoretical model presented in this work aimed to describe
systematically the parameters that influence the ultrafast dynamics
of GaAs after heating with ultrashort pulses and estimate the thermal
response of the material (associated eventually with surface modi-
fication); nevertheless, there are still many unexplored issues that
need to be addressed (i.e. effective mass dependence on fluence, wave-
length dependence, excitation in very short pulses, role of more com-
plex beam polarization states, structural effects in extreme conditions,
distinction between amorphous or crystalline material, mechanical
effects, more accurate behaviour in ablation conditions, formation
of voids inside the material after repetitive irradiation, role of in-
cubation effects, consideration of degeneracy and departure from a
Maxwell-Boltzmann-based assumption of carrier distribution, pre-
cise computation of carrier collision frequency and electron-phonon
coupling, inclusion of the influence of impact ionisation and carrier
diffusion, etc.) before a complete picture of the physical processes that
characterize heating of GaAs with femtosecond laser pulses.

5.6 CONCLUSIONS

A detailed theoretical framework was presented that describes, for
the first time, both the ultrafast dynamics and surface modification
physical mechanism after heating of GaAs with ultrashort pulsed lasers.
The influence of the laser conditions such as the pulse duration and
the fluence were evaluated in an effort to explore conditions that lead
to SP excitation. Results show an increase of the maximum value of the
reflectivity at increasing fluence that emphasizes the metallic character
of the heated material. To account for the frequencies of the experi-
mentally observed periodic structures, a dose-dependent modulation
of the sP wavelength which is excited on the corrugated surface is
performed. Simulation results revealed a ~ T,?'O53i0'011(at relatively
small values of the pulse duration) dependence of the damage thresh-
old and a SP-related periodic structure formation. The correlation of
the laser characteristics dependencies of the ultrafast dynamics, ma-
terial damage and onset of periodic structure formation can be used
to streamline the modulation of the frequencies of the structures on
the surface of a still not fully explored semiconductor under intense
heating.
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In the thesis, the author’s work performed at the Okinawa Institute of
Science and Technology, Femtosecond Spectroscopy Unit during the
tirst 2 years and at the University of Crete, Physics department for the
last 3 years of the PhD enrollment is presented. It is mainly devoted to
the study of the first THz photoconductive antenna based on femtosec-
ond laser-ablated GaAs and a detailed theoretical framework on the
ultrafast dynamics and surface modification physical mechanism after
heating of GaAs with ultrashort pulsed lasers. The obtained results
are interesting in both points of view of fundamental science and
potential applications.

In the first part, we have presented THz-generation efficiency with
up to 65% improvement, from a THz photoconductive antenna based
on femtosecond laser-ablated GaAs, when compared to a SI-GaAs
antenna. The optoelectronic properties of SI-GaAs, that were affected
from femtosecond-laser-ablation, were studied in order to understand
and explain the results of our measurements. We performed a para-
metric analysis to evaluate the optimal values of the optical excitation
polarization angle, the orientation of the ablated ripples in respect to
the electrodes, the number of pulses per illuminated spot and the flu-
ence, involved in the laser ablation of the active region of the antenna.
Other parameters that were not studied can also be optimized , such as
laser ablation wavelength and pulse duration. Although we estimate
that the performance of the antenna will not be affected by changes in
the ripple size, since they are defined by the wavelength of the ablation
laser, that can range from optical to NIR wavelengths, much smaller
than the produced THz wavelengths. Bottom-line for this project, we
demonstrate an example of a device with femtosecond-laser-ablation
processing, which is an incredible tool to engineer material prop-
erties, such as carrier lifetime, hyper-doping and photoabsorption,
hence granting access to fabricating more efficient THz devices and
optoelectronic materials with lower cost.

In the second part, we have concentrated on modeling the ultrafast
dynamics and surface modification physical mechanism after heat-
ing of GaAs with ultrashort pulsed lasers in a detailed theoretical
framework. Since the ripple formation arise from SspP, we explored
the laser conditions, like pulse duration and the fluency, that lead
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to excitation of SP. In the results we observe a metallic behavior of
the semiconductor surface at higher fluences, due to the increased
excited free carrier concentration, following with a rise in the maxi-
mum value of reflectivity. We perform a dose-dependent modulation
of the sP-wavelength, which is excited on the corrugated surface, in
order to explain the spatial frequency of the ripples observed in the
experimental samples. Results of the SP-caused ripples and the depen-
dence of the damage threshold present a ~ 12'053i0'011 (at relatively
small values of the pulse duration). The study on the dependence
between material damage, initiation of ripple formation and ultrafast
dynamics can be exploited to engineer the spatial frequencies of peri-
odic structure formations on the surface of GaAs, that still remains not
fully studied under conditions of excessive heating. Hence, a detailed
description of the thermal response of the material is aimed to allow a
systematic laser-based processing and produce surface structures with
application-based properties.
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