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Kurzfassung

Mit Hilfe der Terahertz-Zeitbereichs-Spektroskopie (engl. THz-TDS) lassen sich
grundlegende Einblicke in die Dynamik von Stoffen und Materialien gewinnen. THz-
TDS basiert auf der Analyse der Antwortfunktion der unterschiedlichen Proben mit
spektral breitbandigen, ultrakurzen THz-Pulsen. Zur Erzeugung und Detektion von
THz-Pulsen werden fotoleitende Schalter, sowie nichtlineare Kristalle genutzt. Der
hohe Preis und die Komplexitdt der dabei benutzten Kurzpuls Titan Saphir La-
sersysteme verhindert jedoch eine breite kommerzielle Nutzung. Erbium dotierte
Faserlaser konnten hier eine giinstigere Alternative sein. Diese Faserlaser arbeiten
typischerweise mit einer Wellenlénge um 1.55 um. In dieser Arbeit werden ver-
schiedene nichtlineare Kristalle und fotoleitende Emitter untersucht, welche THz-
Emission im Anregungsbereich von 800 nm bis 1550 nm erlauben. Das Hauptthema
ist hierbei die Untersuchung geeigneter Substratmaterialien fiir fotoleitende Anten-
nen mit interdigitalen Elektrodenstrukturen. Diese Antennen bieten einige Vorteile,
wie hohe Beschleunigungsfelder bei moderaten Betriebsspannungen aufgrund ge-
ringer Elektrodenabstdnde. Durch die Skalierbarkeit dieser Strukturen sind aktive
Bereiche von einigen mm? méglich, das erlaubt flichige Anregung mit gréeren op-
tischen Leistungen. Im Vergleich zu konventionellen fotoleitenden Quellen ergeben
sich daraus Vorteile wie groflere THz Felder, bessere Bandbreite und einfachere
Handhabung bei der Justage. In Abhéngigkeit vom Substrat kénnen diese Emitter
mit unterschiedlichen Anregungswellenléngen betrieben werden. Bei Substraten mit
sehr schnellen Ladungstrigereinfang, und damit kurzer Ladungstrigerlebensdauer,
kénnen diese Antennen auch als Detektoren verwendet werden. Des Weiteren wird
gezeigt wie man Emitter, basierend auf interdigitalen Strukturen, herstellen kann,
die radial und azimutal polarisierte THz Wellen abstrahlen.Ein zweites Thema ist
die Signalanalyse und Interpretation wenn ein THz Puls durch eine entsprechende
Probe transmittiert. Diese Experimente zeigen das Potential von THz-TDS fiir An-
wendungen, wie Spektroskopie und Tomographie. Im dritten Teil untersuchen wir
organische und anorganische nichtlineare Kristalle als THz-Emitter. Das Haupt-
thema ist dabei polaritonische Phasenanpassung in GaAs. In Kombination dieser
GaAs Kristalle mit einer Wellenleiterstruktur wurden Hinweise auf eine mit der
Anregungswellenldnge durchstimmbare THz Emission gefunden. Dieser Effekt ist

jedoch kleiner als erwartet, verschiedene Griinde dafiir werden diskutiert.



Abstract

The idea of terahertz-time-domain spectroscopy (THz-TDS) is to exploit a single
cycle, spectrally broad THz radiation pulse to gain insight into the response of
matter. Photoconductive devices and nonlinear crystals are utilized in both the
generation as well as the coherent detection of THz radiation. The relatively high
cost and the complexity of commonly used titanium-sapphire lasers hinder a more
widespread use of pulsed THz systems for commercial applications. Er-doped fem-
tosecond fiber lasers operating at 1.55 um could offer a viable alternative. In this
thesis nonlinear crystals and photoconductive emitters are discussed for excitation
in the near infrared (NIR) window of between 800 nm to 1550 nm.

The main focus of this thesis is a detailed study of substrate materials for an in-
terdigitated photoconductive antenna. Photoconductive antennas with microstruc-
tured electrodes provide high electric acceleration fields at moderate voltages be-
cause of small electrode separations. The scalability of these devices allows for

2 range, which are sufficient for excitation at large

large active areas in the mm
optical powers. In comparison with conventional emitter structures, these antennas
have more favourable characteristics regarding THz power, spectral properties, and
ease of handling. Depending on the utilized substrate material, photoconductive
antennas can then be operated using different excitation wavelengths. By employ-
ing substrates with short carrier trapping times these antennas can be operated as
THz-detectors. Moreover the design of electrode structures for generating radially
and azimuthally polarized THz waves are presented.

A second topic deals with the signal analysis and signal interpretation of THz pulses
transmitted through several material systems. These experiments show the poten-
tial for tomographic and spectroscopic applications.

The third part deals with THz emission by frequency mixing in nonlinear organic
and inorganic crystals. Hereby the focus is on polaritonic phase matching in GaAs.
Furthermore, indications of THz tunability by the excitation wavelength were found
by utilizing waveguide structures. However, the observed tuning range is much lower

then theoretically predicted. Specific reasons for this are discussed.
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1 Introduction

The combination of ultrashort laser- and semiconductor- technologies starting in
the late seventies of the last century created the new field of terahertz optoelectron-
ics. It is based on the principle that a semiconductor can become photoconductive
for a short time interval, if a short laser pulse is applied. In pioneering work D.
Auston developed an optoelectronic switch, that allows switching of electronic sig-
nals on a picosecond timescale [I]. Nowadays this kind of optoelectronic switch
is known as Auston switch. Soon it was clear that the induced transient current
in an Auston switch itself is the source for an electromagnetical pulse. Like the
operating laser, the pulse duration of the generated pulse lies within the picosecond
range. Again, it was D. Auston who demonstrated the free space propagation of
such a pulse [2]. Because of their short pulse duration, the frequency spectra of
these pulses range from Gigahertz- (10° Hz) to Terahertz (10'? Hz). Shortly after
being discovered these optoelectronically generated pulses were named THz-Pulses.
THz radiation covers the part of the electromagnetic spectrum between microwaves
on the low frequency side and infrared waves on the high frequency side (0.1-
10 THz). The first who applied fs optical pulses for spectroscopic applications with
THz radiation were D. Grischkowsky and his colleagues [3,4]. Since then, the
experimental method has been known as “Terahertz Time-Domain Spectroscopy
(THz-TDS)”. With the development of self-mode-locked operation in Ti:sapphire
oscillators, there has been rapid advancement in the generation of sub-100 fs optical
pulses [5]. The first Ti:sapphire lasers became commercially available in the early
1990s. Simultaneously, the molecular-beam-epitaxy (MBE) grown low temperature
GaAs (LT-GaAs) thin films began to be utilized [6]. From that point onwards,
dipole antennas fabricated on LT-GaAs substrates have frequently been utilized
as emitters or detectors driven by photoconductive shorting of the dipole gap by
pumping with a sub-100 fs Ti:sapphire laser.

Already in 1983, Auston [7] predicted that a propagating polarization in a Cherenkov



1 Introduction

cone radiates subpicosecond electro-optic (EO) shock waves. These are caused by
optical rectification, when an ultrashort optical pulse is focused into a nonlinear
material. In 1984 Auston and colleagues employed the EO effect for the detection
of Cherenkov shock waves using the same EO crystal [§]. Wu and Zhang applied
this technique in 1995 for free space THz pulse sensing [0]. THz detection with
EO crystals has become popular due to its broad bandwidth capability and ease of
realization.

In numerous scientific publications within the last two decades, THz-TDS has been
used in order to obtain information about optical properties in the far infrared re-
gion [I0,II]. Many transitions in molecules, originating from lattice vibrations and
rotations, are in the THz region of the electromagnetic spectrum. These transitions
characterizing chemical and biological compounds. For instance in GaAs the LO
phonon resonance is at around 8.7 THz [12]. Also for security application THz spec-
troscopy might be interesting since explosives reveal their spectral fingerprints [13].
Exploiting velocity matched optical rectification in LiNbOj based on pulse front
tilting of the fs laser pulses showed efficient generation of THz radiation [14]. In
the last decade higher frequencies and even higher bandwidths were obtained by
phase-matched difference-frequency generation using two different wavelengths. For
example by pumping an optical parametric amplifier with a high-power Ti:sapphire
laser and mixing the generated idler and signal beams. In this way THz fields
exceeding 100 MV /cm with a broad tunability from 10 to 70 THz were realized uti-
lizing DFG in GaSe, AgGaS, [15]. However, combining several stages of nonlinear
frequency conversion is very complicated and difficult to achieve.

THz sources include very complex systems like the Free Electron Laser (FEL).
In general lasers consist of a gain medium, generating stimulated emission under
strong optical or electrical excitation and a cavity which works as a resonator. In
FELs this gain medium is replaced by a relativistic electron beam generated by an
accelerator and the “stimulated emission” is realized by the deviation of the free
electrons in a spatially periodic magnetic field in the undulator. The wavelength of
the FEL is determined by the energy of the relativistic electrons and the period of
the magnets in the undulator [I6HIg].

Another approach using compact semiconductors is the THz quantum cascade
laser (QCL) operating in the region between 5 and 1THz with peak powers up to
248 mW [19-21]. The drawback of the THz QCL is that they will only operate at
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cryogenic temperatures in this frequency range. It is not clear today, whether room-
temperature operation for commercial applications can ever be achieved. Moreover,
the THz QCLs are difficult to tune and do not deliver ps pulses. Other THz sources
are gas lasers where the lasing transitions, typically a rotationally transition of the
molecule, is in the THz region [22].

Due to the progress in the telecommunication industry, compact and reliable fibre
based femtosecond lasers with a wavelength of around 1.5 ym have become available
in the last years. In the future, these lasers might contribute to the development
of relatively compact, stable and cost-effective THz systems if a suitable nonlinear
or photoconductive material can be found. Besides organic materials GaAs is a
promising candidate as a nonlinear medium. It has been demonstrated as a source
and detection crystal with 1.56 um pulses from a fibre laser [23]. However, its EO
coefficient is about a factor of two lower than that of ZnTe which is widely applied
with Ti:Sapphire systems at 800 nm wavelength. Ga,In;_,As grown by molecu-
lar beam epitaxy on a binary substrate is an attractive material system for THz
systems powered by fibre lasers, because the bandgap can be tuned from 0.36 to
1.42¢eV by varying the Ga mole fraction [24]. However, the resistivity of these ma-
terials is relatively low when employed as photoconductive devices resulting in a
quick breakdown when the bias field is increased. Furthermore, saturation of the
emitted THz radiation by rapid carrier screening limits the performance, as well as
causing a low signal-to-noise ratio when used as photoconductive THz detector.
The objective of this study was to investigate the suitability of variously pulsed
THz sources and detection devices when utilized with several laser systems and

especially with lasers operating within ordinary telecom wavelengths.

This thesis is organized as follows:

Chapter 2 gives an overview over the fundamental principles of the generation, de-
tection and propagation of THz pulses. Additionally, a short introduction explains
which data analysis methods were used for the spectroscopic applications.

Chapter [3 describes our approach for a scalable photoconductive THz emitter as
well as a THz detector. After a discussion about the idea of the chip layout and
its manufacturing we study the performance and operating parameters using the

device as emitter. A fiber laser based THz setup would greatly reduce costs and
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would be a step forward on the way to a “turn key” THz TDS system. Therefore
a substrate material is presented which allows photoconductive excitation above a
wavelength of 1 um. For photoconductive detectors short carrier lifetimes and a
fast temporally response are key features. Subsequently we present ion implanted
and low temperature grown substrates for fast detectors. Moreover a novel design
for generating radially and azimuthally polarized THz waves is presented.

A key aspect of THz-TDS is the determination of the complete dielectric function
of a dielectric or semiconducting material. In chapter @l we present examples of
possible applications for an industrial use.

Chapter [Bl concentrates on frequency mixing in a nonlinear medium. Organic DAST
crystals as well as inorganic GaAs are discussed as appropriate materials for THz
emitters. Hereby the focus is on the performance of the crystals when using several
laser systems with different pulse energies and wavelengths. Finally, special atten-
tion is given to phase matching during the processes of generation and propagating
THz waves in a GaAs-slab.

Appendix[A Tl contains some of the more technical details of the employed laser sys-
tems, while Appendix [A.2] sketches the idea of the Lorentz oscillator model, which

is used for the calculation of the THz refractive index in GaAs.
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2 Fundamentals of THz

time-domain spectroscopy

This chapter deals with the basic concepts of Terahertz time-domain spectroscopy
(THz-TDS). The main properties of THz radiation will be discussed as well as the
important mechanisms for generating and detecting THz radiation. Furthermore,

THz-TDS will be utilized in order to determine the optical properties of solids.

2.1 Generation of THz pulses

There are many different methods for generating THz pulses. Common to all these
methods is the use of a femtosecond laser pulse which triggers an ultrashort change
in polarization. One approach to obtain a rapid polarization change is using second-
order effects in crystals (optical rectification). For this purpose a wide range of
materials has been investigated since the 1990s [25H27]. It has been found that
gallium selenide (GaSe), lithium niobate (LiNbOj) or zinc telluride (ZnTe) with
(110) orientation are most effective when utilized with Ti:Sapphire lasers. Organic
crystals (DAST), which will be discussed in chapter [ as well as LiNbO3 are also
applied [28-30]. In order to generate a substantial amount of THz radiation in
these materials an amplified femtosecond laser with pulse energies of more than
several 100 pJ ought to be used [31]. Ideally, pulse lengths should stay below 100 fs
[32H34]. Intense THz radiation can also be achieved in laser-induced gas plasmas by
introducing an AC external bias to the optical focus [35], but these plasma emitters
are not the scope of this thesis. A different method of generating THz pulses was
pioneered by Auston and Grischkowsky in the late 1980s [2,36]. In this approach a
femtosecond laser is applied to a semiconductor with suitable band gap and excites

carriers, which are then accelerated by the surface field or by an external field which
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2 Fundamentals of THz time-domain spectroscopy

is applied by some metal electrodes on top of the semiconductor (Auston switch).
The fast rise in the produced current leads to a change in polarization and radiates

a sub-picosecond, single cycle and coherent electric pulse.

2.1.1 Carrier acceleration in the surface field

A simple emitter for THz radiation is the surface of a semiconductor. There are
two superimposed mechanisms for generating THz radiation when the fs laser pulse
illuminates the surface. One is the Photo-Dember effect and the other is a induced
photocurrent in the surface field of the semiconductor.

Because of the broken symmetry at

the surface there are additional unoc-
n-Typ cupied surface states locally increasing
.................................................. the density of states. The high density
of surface states shifts the Fermi level
of the bulk semiconductor into the sur-
¥ face states (Fermilevel-pinning). Since
the Fermi level has to be constant be-

0 100 200 300 400 500 tween the bulk and the surface states,

depth (nm) the valence and the conduction band
are being bent. Depending on the dop-

potential

Figure 2.1: Midgap pinning of the Fermi level ing the bending of the valence and the

at the surface of a n-type semiconductor (e.g. conduction band is either upwards (n
GaAs). doping -figure 2.1]) or downwards (p dop-
ing). This bending leads to a drift cur-
rent. In the case of a n-doped semiconductor the electrons move into the bulk
and the holes toward the surface. This gradient in the carrier concentration subse-
quently initializes a diffusion in the opposite direction. However, in total a space
charge separation is produced and so an electrical “built-in” field with a typical
value of 10 to 100 kV/ecm. The range of this field is dependent on the doping
of the semiconductor but typically lies in the span of a few hundred nanometers.
In this “built-in” field, photo excited carriers are accelerated perpendicular to the
surface of the semiconductor and the radiated electric field is subsequently emit-

ted parallel to the semiconductor surface. This and the relatively big step in the
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2.1 Generation of THz pulses

refractive index between vacuum and the semiconductor makes the outcoupling of
the THz wave from the emitter more complicated. With an additional magnetic
field the direction of the dipole can be optimized for a better decoupling [37,38].
Also excitation under Brewster’s angle increases the absorption of the gating laser
pulse. The sudden change in the refractive index can be reduced by using a prism
or substrate lens with the same refractive index as the emitter.

If there are large differences between the effective masses of the electrons and the
holes in the semiconductor, then the dominating mechanism for THz generation is
known as the photo Dember effect. Photo Dember means that the diffusion of the
generally heavier holes is much slower than the diffusion of the electrons, as soon as
the surface is excited by a short laser pulse. This again leads to a dipole radiating
parallel to the semiconductor surface. Therefore the possibilities for optimization

are the same as discussed above.

2.1.2 Carrier dynamics in photoconductive switches

When assessing the radiation emitted by the photocurrent in a switch-like emitter,
the photocurrent density j can be described by a convolution between the response

of the switch and the pulse shape of the incoming laser pulse

t

J(t) =gq-n(t) - v(t) = ¢ / ar'f(t—t') - I(t) - o(t), (2.1)

—0o0

where n,q and v represent the density, charge and velocity of the carriers respec-
tively. I(t') is the normalized intensity envelope function of the laser pulse and
f(t —1t) is a causal function describing a simple exponential decay of the carriers
with lifetime 7., therefore f (¢t —t') is proportional to 5E [39]. The velocity of the
free carriers in an electric field can described by the Drude theorie and is given by
the differential equation [40]

do(t) olt) | ¢
dt Te m*

E(t), (2.2)

while the important material parameter for the transport is the carrier scattering
time 7, and the effective mass m*. The radiated THz field is determined by the
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2 Fundamentals of THz time-domain spectroscopy
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Figure 2.2: Photocurrent induced in the emitter (a) and the radiated THz pulse (b) from
eqn. (23) with 100fs laser pulse (FWHM), 75=50fs and 7.=500fs.

temporal derivative of the photocurrent in the emitter antenna.

dj(t
ETHZ X % (23)

For the purpose of this illustration any screening field induced by space charges
from the excited holes and photoelectrons has been ignored. This is true for car-

rier densities below 10'® cm™3 [41,42]. Furthermore it is assumed that a constant
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2.1 Generation of THz pulses

bias field over the photoconductive gap and a Gaussian shape of the femtosecond
laser pulse is present and no intervalley transfer occurs (m* = const). Figure
illustrates the induced photocurrent and the emitted field for a laser pulse with
FWHM=100fs duration, a carrier scattering time 7, = 50fs and a carrier recom-
bination time 7. = 500fs. The sharp increase of the photocurrent trace is much
faster then its decay time (figure 2.2h). Because of the time derivative the radiated
field is dominated by the sharp increase and the long tail of the photocurrent decay
is irrelevant for the emitted field (figure 2.2b). For this reason semi-insulating (SI)
GaAs is an adequate substrate choice for the emitter even though low temperature

grown (LT) GaAs has a much faster carrier trapping.

2.1.3 Layout of photoconductive emitters

There are several designs for photoconductive emitters. Common to all these de-
signs is that an external bias is applied to metal electrodes at the surface of the
semiconductor. If a fs laser is gating the electrode gap, then a current is induced
acting as the source for THz radiation, as it was discussed in the section before.
The main difference in the several designs is the area size where the THz emission
takes place. So far emission of THz radiation was originated between the electrodes
in the semiconductor. However, if the area of the THz emission is much smaller
than the emitted wavelength, an additional antenna is needed for an adequate out-
coupling to free space. If so, the metal electrodes are used as an antenna. It is
typical for a dipole antenna that, by adopting the geometries of the electrodes, it
can be resonant to a certain frequency. For a dipole the rule of thumb for the rela-
tion between resonance frequency v and dipole length L is given by L = ¢/(2v4/€).
Figure shows typical designs of photoconductive emitters. The left side illus-
trates emitters using a dipole, bowtie and spiral shaped antennas for out-coupling.
Typical bowtie antennas can emit broadband THz pulses, but they are not tune-
able or scalable [43]/44], while spiral antennas are in principle scalable and also
broadband emitters, but every frequency component of the emitted radiation has
a different polarization [45,4748]. These antenna coupled emitters have typical
electrodes spacings of the order of a few micrometers resulting in a high bias field
in the semiconductor. The distance between the electrodes can be further reduced

by using additional interdigitated structures. A disadvantage is that the active re-
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2 Fundamentals of THz time-domain spectroscopy

dipole

large aperture

bow-tie gap ~ 100 um

logarithmic-spiral  semi-large aperture

Figure 2.3: Small-area THz emitters with different antennas (left) and large-area THz emit-
ters (right)

gion where the laser can excite carriers has to be small compared to the geometry
of the antenna. Additionally, the THz emission saturates already for low optical
powers, due to carrier screening of the external bias field [46]. Therefore, and to
avoid damaging by hard focusing the usable optical power is limited.

The right side in figure illustrates typical large area emitters. The advantage
here is that larger laser spots can be employed and thereby a higher conversion of
the laser power into THz radiation is possible. A disadvantage is the need of a
much higher voltage for obtaining an adequate bias field as compared to the small
area antennas. The semi-large emitter represents a trade off between a large active
area and a high bias field up to a certain amount, but still requires voltages which
are 20 times higher than in a dipole antenna. Another disadvantage of the larger
electrode distance is the formation of a major space-charge field due to the pho-
togenerated carriers between the metal electrodes. This screens the external bias
field lowering the acceleration of the electrons and therefore limiting the THz emis-
sion [49]. Strictly speaking the large area emitters are no antennas, but typically

they are also called photoconductive antennas and we will use this expression for
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2.1 Generation of THz pulses

| Laser spectrum A THz spectrum

intensity
intensity

/4
7

v

w; W,
frequency frequency

. W, -"(A)l =0

Figure 2.4: Principle of optical rectification. THz pulses are generated by mixing of spectral
components within the ultrabroad laser spectrum.

the large-area devices as well.

2.1.4 Frequency mixing

Nonlinear crystals offer a further method for generating THz pulses from ultrashort
laser pulses. The nonlinear response of such a crystal allows an energy transfer
between electromagnetic fields with different frequencies. The best known example
is frequency doubling or second harmonic generation (SHG). The SHG can be
described by an addition of two photons with the same frequency to one photon
with the double frequency (2w = w + w). Because of the short time duration, a
femtosecond laser pulse contains a frequency distribution surrounding the central
frequency. The shorter the laser pulse, the broader this frequency distribution is in
the spectrum. The different frequency components contained in the short pulse can
also be applied for difference frequency generation (DFG) (w3 = wy£w,). For typical
pulse durations of fs laser systems these differences are in the THz range. Due to
the much higher frequencies of optical electromagnetic waves compared with THz
waves this mixing is called optical rectification (figure 2.4]). The nonlinear response

of such a crystal can be described by expanding the polarization P in a power series
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2 Fundamentals of THz time-domain spectroscopy

with respect to the electric field E.
Pp=pPO 4 pl L p@ L (2.4)

Without an external field there is no induced polarisation. Therefore P(O) = 0, the
linear response of matter is given by P1) = W (w)E(w). Subsequently with 24l
the nonlinear wave equation in the frequency domain is then

2 W2

V % (V x E) — —e(w)E =

5 P, (2.5)

c2e
where €(w) = 1 + x(w) denotes the frequency dependent dielectric tensor. The
second-order nonlinear polarisation P can be regarded as a source for E. In the
frequency domain the second-order polarisation of the ¢-th component in a medium
is given by

PP(w) = e D xigi(wi w13 w2) Ej(w1) B (w2) (2.6)

jk

where ;i is the second-order susceptibility [50]. This second-order nonlinear po-
larisation describes the three-wave mixing in the nonlinear media and consists of a
part representing the sum-frequency generation (SFG) with w = w; +ws > 0 for the
generated frequencies and a part representing the difference-frequency generation
(DFG) with © := ws—w; > 0 for the generated frequencies. If wy;wy are frequencies
in the range around 800 nm then  is in the THz range. Referring to equation (2.0))
the i-th component of the DFG polarisation (PPF%) is then determined by [51]
P.(DFG)(Q) = Go/dWQXijk(Q;WQ;WQ — Q) Ej(wq) Ej (wy — ). (2.7)

1

LS

Here the integration is over the whole spectrum of the laser (LS). In contrast to
linear optics the wave equation 2.5 has now a source term with frequencies different
from the initial frequency, particularly for DFG of an spectral broad laser pulse
this frequencies are in the THz range. For computing the generated THz field we
first look at the laser pulse and its propagation through the crystal in absence of
any nonlinear effects. In the paraxial approximation (0,£ = 0,F = 0) and with

the transmission coefficient at the interface air-sample ¢, s and the incoming laser
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2.1 Generation of THz pulses

field Ey, the laser field in the crystal is given by
Elaser - EO(wi)ta—s(Wi)eikiz' (28)

Where k; is the wave number

n(wi)wi'

k‘z‘ (u),) =

(2.9)

c

This laser field generates, by the nonlinear y?-DFG-process, a radiating dipole at
the position zg with a frequency 2 = |w; — ws| and a strength which is proportional
to P%(Q, zp) - ©*/c*. The observable field Ey;, from such a dipole at the position z

outside the sample can then be represented by a spherical wave

6iK(Q)|z—zo\

0 ore
Edip(QaZ>ZO) X gp( )(Q’ZO)%K—(Q) “ls—a, (2.10)
with the wave number NV
K(Q) = ©) : (2.11)
c

where N(Q2) is the THz refractive index. Here multiple reflections inside the sample
are neglected. Furthermore we neglect the depletion of the NIR laser beam through
the THz generation. The total field Erg. is then given by the sum of all dipole

waves in the volume V of the crystal

ETHZ(Q,Z> :/dVEdip(Q,Z,ZO>. (212)
V/

Because of the paraxial approximation the integration over dz and dy in (2.12)

gives a constant and simplifies to

zZ

ETHZ(Q,Z) 0.8 /dZOEdip(Q,Z,Zo). (213)

o

This integral can become zero, if all dipoles interfere destructively at the position

z of the observer. For a crystal with a thickness d and the nonlinear polarisation
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2 Fundamentals of THz time-domain spectroscopy

(270) the THz field reads

d
, 0?2
ETHz(Qad) X tsa(Q)eleW/dzo/dwlxi?on(wl)ES(wl —Q)
0 LS

R (W) - tas(wr — ), (2.14)

using the so-called phase matching relation Ak = ky — ks — K, and ch)f which
stands for the nonzero component of the second-order susceptibility tensor. ch)f
is determined by the polarisation of the exciting laser field and symmetry of the

utilized nonlinear crystal. Integration over z, gives the field at the surface of the

crystal
0 . pidkd _
ETHZ(Q7 d) X tsfa(Q)K_Czel /dleeffEb(wl)Eg(wl - Q)A—kta—s<wl)
LS
ta—s(wr — Q). (2.15)
The coefficient ,
ezAkd -1 516
AR (2.16)

originates from the spatial summation of all THz dipoles, it describes the interfer-
ence of the dipoles and how constructive the THz generation is. If Ak goes to zero,

the emitted field has its maximum, and phase matching is perfect.

2.1.5 Phase matching or the conservation of momentum

A meaningful consideration which we address here is the use of phase matching to
allow for greater interaction between the optical and THz pulses in the nonlinear
medium in order to improve the efficiency of the generation process.

As shown in the previous section the creation of THz pulses in a difference frequency
mixing process involves three different electric fields (Enrr(w1), Enrr(w2), Ermg.(£2))
that have to fulfill the wave equation ([Z3]) simultaneously, since all waves interact

in the nonlinear crystal. The conservation of momentum for this process reads:

Tk (ws) — Tk (Q) = Tike(ws — Q). (2.17)
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2.1 Generation of THz pulses

Using wy >> () yields an approximation for

k(ws — Q) =~ k(ws) — Qdk;:’?) (2.18)
and with (2.17)
k(Q) = Qdkcgf), (2.19)
and with the relation k=nw/c resulting in
n(©) = L (], = nles) + wp P02 (220)

dv

which is exactly the definition of the group velocity of the NIR n, = n + wZ—Z. This
condition implies that the phase velocity of the generated THz pulse has to match
the group velocity of the NIR pulses along the length of the crystal. Otherwise THz
pulses generated at different positions in the crystal would interfere destructively.
From this point of view it is clear that the phase matching condition is most critical
for long crystals, while it becomes less important in thin ones.

The phase matching condition can be met in different ways. For instance in
anisotropic birefringent crystals like GaSe, KDP or LiNbOj it can be achieved by
mixing an extraordinary beam with frequency w; with an ordinary beam with fre-
quency wo by tilting the optical axis with respect to the polarization of the extra-
ordinary beam. Adjusting this phase matching angle allows to tune the phase
matched THz frequencies and therefore the emitted spectrum [52].

Another possibility to obtain phase matching is a periodic variation of the y®
nonlinear coefficient in quasi-phase-matched (QPM) crystals. Optical rectification
in a QPM crystal was first demonstrated in periodically-poled lithium niobate [30]
and later in GaAs [53]. The idea of QPM rectification is that each inverted do-
main of a QPM crystal contributes a half cycle of the THz pulse and thus the THz
wave packet has as many oscillation cycles as the number of QPM periods over the
length of the crystal. Adjusting the orientation-reversal period allows one to tune
the bandwidth and wavelength of the emitted THz radiation. The challenge is the
patterning of the nonlinear susceptibilities in the crystals. For instance in diffusion

bonded GaAs alternately rotated plates with (110) orientation are stacked together
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2 Fundamentals of THz time-domain spectroscopy

MIR
T llllll T T T T 1T 1T 17T
>
° = 7]
£ 8
O | N (=]
> 0
= = -
<
[T B
1] 17}
[l -
[t 7]
[ ()
et [ _
10 100 1000

wavelength (um)

Figure 2.5: Index of refraction of bulk GaAs (black line) [55]. The red line represents the
right term of equation 2.20]i.e. the group refractive index of the NIR pulse.

and by wafer fusion a monolithic body with periodic change in the nonlinear coef-
ficient is created. Further technologies in fabrication QPM GaAs can be found in
Ref. [54].

A third possibility to obtain phase matching in optically isotropic materials, where
no birefringence is possible, is to use the anomalous dispersion introduced by op-
tical phonon absorption at the reststrahlenband in GaAs. Berger and co-workers
have shown in Ref. [56] that there exists a phase matching point, where one of the
wavelengths lies in the THz range and the second, shorter wavelength is in the NIR
around 1.4 um. The reststrahlenband lies between those frequencies giving rise to a
non-monotonic refractive index n(w) (figure 2.3)). The reststrahlen region in semi-
conductors lies between the transverse and longitudinal optical phonon (33.1 meV
and 36.1 meV in GaAs at room temperature, respectively [57]), where the dielectric
constant becomes negative and electromagnetic propagation is forbidden. Figure
shows this theoretical model for the polaritonic phase matching in bulk GaAs.
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2.1 Generation of THz pulses

The dotted lines show the phase matching point for the generation of 3 THz radia-
tion with a NIR wavelength of about 1.3 um.

2.1.6 The angular dependence of the second-order susceptibility
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Figure 2.6: THz field from (110) GaAs vs azimuthal angle 6 for the x- polarization (red) and
the y- polarization (black) of the THz field. [148]

As shown in section P.1.4l in the far field the radiated electromagnetic field is
proportional to the second time derivative of the dielectric polarization P(r,t).
Most of III-V and II-VI semiconductors are zincblende crystals in particular also
GaAs. These crystals have a cubic structure with point group 43m symmetry and
have only one independent nonvanishing second-order nonlinear optical coefficient,
namely Y123 = X231 = Xsz12 # 0 or, with the assumption that x;;; is symmet-
rical on the last two indices, x;;r becomes x;, whereby x14 = x25 = Xx36 7# 0
(Kleinman’s conjecture [51]). In equation ([ZI4]) (section R.1.4]) we introduced the
effective second-order susceptibility ijc)f describing the non-vanishing components
of the tensor matrix. To keep the description simple, we have ignored the fact that
xgc)f has an angular dependency between the crystallographic axis and the polar-
ization direction of the incident laser field. This angular dependence of ch)f for a

(110) oriented GaAs crystal can be described with the only independent element of

25



2 Fundamentals of THz time-domain spectroscopy

the susceptibility tensor dyy4 EI in the form

ng)f(e) o dya(cos36 — cosf) NIR || to THz (x-direction) (2.21)
ch)f(é’) o di4(3c0s30 + cosf)) NIR L to THz (y-direction) (2.22)

Thereby 6 is the azimuthal angle between the space coordinate and the crystallo-
graphic coordinate [58]. The polarization of the NIR field is assumed to be in the
x-direction. Figure illustrates the electrical field components (x -red, y -black)
of the radiated THz wave in dependence on the azimuthal angle, 6, between the

fixed space axes (x,y) and the crystallographic axes (x’,y’).

1in general dijk:%Xijk
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2.2 Detection of THz pulses

2.2 Detection of THz pulses

Today, the two most commonly adopted methods in measuring THz pulses are the
photoconductive and the electro-optic detection. The latter one is widely used,
mainly due to its high bandwidth and the possibility to quantitatively measure
the THz field. However, photoconductive detection antennas are more suitable for
compact THz spectrometers. The principle of photoconductive detection is very
similar to the generation as outlined in section and will be discussed in more
detail here.

2.2.1 Substrates with short carrier lifetimes

Again the fs laser generates carriers in a semiconductor like GaAs. If the photon
energy fiwy of an optical pulse is higher than the bandgap energy Fg, then so called
“hot” carriers with energy hwy — E, are generated. Because of their smaller mass
the electrons possess most of this energy.

The hot carriers lose their kinetic energy by various scattering mechanisms, mostly
by optical phonon scattering on a picosecond timescale [12]. Furthermore the carri-
ers can recombine sending out a photon or be trapped by an impurity. This trapping
is usually described by the Shockley— Read Hall recombination. The trapping time
constant 7; is determined by the trap concentration N, thermal velocity vy, and

the capture cross section of the impurity o.

B 1
- NtO'Uth

(2.23)

Tt

If the THz pulse arrives at the detector during the lifetime of the carriers they will
be accelerated towards the electrodes. This produces a measurable mean current.
The detected current I(t) in the detector antenna is proportional to a convolution of
the transient conductance g(t) and the time dependent THz field E(t) as described
by the equation

e}

I(t) o / E(t)g(t — 1)y, (2.24)

— 00
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2 Fundamentals of THz time-domain spectroscopy

If the carrier lifetime is much shorter than the typical timescale of the terahertz
waveform ¢g(t — t1) can be approximated by a d-function and the measured current
is directly proportional to E(t). In the opposite case of long carrier lifetimes g(t —
t1) can be approximated by a step function and FE(t) is proportional to the first
derivative of the measured current. Within a more detailed approximation wherein
the number of generated carriers is determined by the laser pulse power P(t) and
provided that carrier trapping can be treated as a single-exponential process with
a time constant 7 and a constant mobility p, the transient conductance can be

written as

t

oty ocu [ Pltreap(t ~ t)/7)dn (2.25)

—0o0

To illustrate the effect of different carrier lifetimes, the detected current was cal-
culated using (2.24)) and ([2.28). For P(t), a Gaussian function with an FWHM of
100 fs was applied. For F(t), a bipolar testfunction, i.e., a positive signal followed
by a negative signal of similar shape and amplitude was chosen. The same value
of the mobility was employed in all calculations. The Fourier transform of the test
function for F(t) has a maximum at 1.2 THz and extends up to 5 THz, which is
very similar to the emitted spectrum of photoconductive THz emitters [59], [60].
In Fig. 27 the results of the calculation are shown. For short carrier lifetimes, the
current is proportional to E(t), while for carrier lifetimes above 1 ps, the photocur-
rent signal consists of a broad large positive peak followed by a negative peak of
small amplitude and long duration. The peak-to-peak signal reaches a maximum
for carrier lifetime of about 1ps, with a sharp decrease towards smaller lifetimes
and a weak decrease towards longer lifetimes. In this simple picture carrier lifetimes
similar to the typical duration of the THz pulse are most favorable. In nonstoichio-
metric GaAs (ion implanted or low-temperature-grown), the mobility will typically
increase as the carrier lifetime increases in the range discussed here. This would
lead to an increase of the detected signal even for carrier lifetimes above 1 ps. How-
ever, lifetimes similar to the typical duration of the THz pulse are still attractive
considering the detector noise. Coherent photoconductive detection can be viewed
as an ultrafast boxcar technique; hence, minimum noise is collected if the carri-

ers do not live significantly longer than the duration of the THz pulse. There are
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Figure 2.7: (a) Calculated photocurrent traces for different carrier lifetimes. (b) Peak to
peak dependency according to carrier lifetimes [61].

two main approaches in fabricating substrates with short carrier lifetimes. One is
implantation of the semiconductor substrate (here GaAs), the other possibility is

low-temperature-grown gallium-arsenide (LT-GaAs).

LT-GaAs

For conventional molecular beam epitaxy (MBE) grown GaAs the substrate is
heated to = 600 °C. Together with the flux ratio and the growth rate this defines the
main properties of the grown material. Low-temperature-grown gallium-arsenide
(LT-GaAs) can be fabricated using MBE at temperatures below 300°C [62]. De-
pending on the growth condition LT-GaAs has an excess of arsenic of one to two
percent. This leads to a high density of point defects consisting of antisite im-
purities and gallium vacancies. The ionized or neutral donors [Asge]t, [Asga]’,
respectively, form an impurity band below the conduction band. The concentra-
tion of [Asq,|” can be in the range of 10'8-10' em ™3, the concentration of [Ase,]”
10*-10% cm ™2 [63]. This midgap impurity band is responsible for the short carrier
lifetime via trapping described by Shockley — Read Hall recombination (eq. 2.23)).
In figure 2.8 the density of states and the impurity concentrations for LT-GaAs

29



2 Fundamentals of THz time-domain spectroscopy
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Figure 2.8: Energy band diagram in as-grown LT-GaAs (from [64]).

(as grown) are shown (from [64]). Unfortunately the formation of this impurity
band also lowers the resistivity of the material after the growth process, limiting
the usage for optoelectronic devices where high bias fields are needed.

However, S. Gupta et al showed in Ref. [62] that thermally annealed LT-GaAs
forms As-Clusters which are surrounded by depleted regions of As-adatoms. They
showed that in this annealed LT-GaAs the trapping occurs at these clusters which
have a density in the range of 10'7 to 10'® cm™3. Furthermore this clustering due
to the annealing improves the carrier mobility and increases the resistance due to

a reduced hopping transport [64], if the right parameters are chosen.

lon implanted GaAs

Another technique to obtain carrier lifetimes in the picosecond and even subpicosec-
ond regime is the implantation of As™, H*, O" or N* into GaAs. The implanted
ions create an impurity band which is responsible for the fast recombination, just
like in LT-GaAs. Multiple implantations and the proper choice of implantation

energies allows selective implantation profiles in the substrate. The concentration
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2.2 Detection of THz pulses

of the implanted ions can be easily controlled by measuring the ion current.
[on implantation is viewed as an easier alternative to MBE grown material. While
it still seems difficult to compare LT-MBE temperatures for different machines, ion

implantation conditions can easily be adapted for different machines.

2.2.2 Electro-optical sampling

The electro-optic detection is based on the Pockels effect, where a crystal in an
external electric field induces a birefringence. With a laser wavelength of around
800nm, ZnTe crystals are usually applied, but other materials are also available. A
part of the near-infrared laser is used as probe and the THz pulse itself is the elec-
tric field, that induces the birefringence and in this way the polarization of the fs
laser pulse. Using a polarizing beam splitter and two balanced photodiodes allows
one to detect this change in polarization. It is necessary that the THz pulse and
the fs pulse are temporally and spatially coincide at the detector.

Electro-optic sampling has developed into a powerful method to characterize THz
pulses, as it measures directly the electric field and additionally allows the quan-
tification of the THz field strength. For a (110) oriented ZnTe crystal the field can

be obtained by [65L66]:

AT A

_— 2.26
I 2mn3ry L’ (2.26)

Ery. =
where Erp . is the THz electric field, % is the relative modulation of the measured
photodiode signal, r4; = 3.9 57 is the electro-optic coefficient and L is the length
of the crystal. \ is the wavelength of the sampling laser and n is the corresponding
near infrared refractive index. Equation (2.20) signifies that a thicker electro-optic
crystal leads to a larger effect on the photodiodes. However, equation (220) does
not consider the phase mismatch between the near infrared group velocity in the
crystal and the THz phase velocity due to varying indices of refraction at the
respective wavelengths. The thicker the crystal becomes, the larger this phase
mismatch and the narrower the detectable THz bandwidth. Therefore, a sensor

crystal with a adequate thickness is a key for the optimization of the THz pulse
detection [67].
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2 Fundamentals of THz time-domain spectroscopy

2.3 Essential data analysis in THz Spectroscopy

In a THz Time Domain Spectroscopy (TDS) measurement one obtains an electric
field trace with a temporal resolution in the range of 10fs to several 100 fs depend-
ing on the used laser system and the THz generation process. For extracting the
frequency information those traces are transformed into the frequency domain by

a Fourier transformation

“+o0o

/ e B (t)dt. (2.27)

—00

1
E(w) = o
Recording two traces in a spectroscopic experiment, one, where the pulse propa-
gates through the sample, and one reference pulse propagating only through the
surrounding media, E; and E,.¢, allows one to gain information about the dielectric
function of the sample.
In a basic scheme the sample is a parallel plate with thickness d and a frequency
dependent refractive index ng(w). By passing through, the pulse gains a phase
factor Py(w). For a signal transmitted through the sample the electric field then
reads
Ei(w) = Ey(w)ta—s(w)Ps(w)ts_q(w). (2.28)

We consider reflection and transmission only at the first and second interface (air-
sample and sample-air, respectively). Furthermore we assume normal incidence
and a planar surface without scattering, thereby we can use the Fresnel equations

for the transmission coefficients ¢,_, and t,_, in the form

2n,
by = e (2.29)
Mg + ns(w)
2n
OO (2.30)
Ng + ns(w)
The accumulated phase can be described by
Py(w,d) = e " (2.31)
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The reference signal is not reflected at interfaces and we only have to consider the

phase accumulated by passing the distance d through air

-ngwd

Eref(w) = Eo(UJ)Pref = Eoeﬂ c

(2.32)

Now we introduce the so called transfer function H(w), which is the quotient of Fj
and E,.; and a complex number, we can write in polar form
Ey(w)

H(w) = Bros () = A(w)e'™?®. (2.33)

Inserting equation .28 to 2.32] in 2.33] we obtain

- Es(w) . 4ns<w)na er _iw_d nNglw) —n
H(w) = Erep(W)  (ny(w) +n,)2 p c ( S(V) a)l . (2.34)
A

The quantities available from the experiment are Eg(w), E,.r(w) and their corre-
sponding phases ®; and ®,., respectively. Setting the refractive index n, of air to
1 and using the above definition for A® one can write for the refractive index of

the sample

ny(w) =1+ ém, (2.35)

where A® is given by A® = |®,.; — Dg.
In a more precise consideration we have to keep in mind that n, is also a complex
value given by ns = n, + in;. So far any absorption for obtaining the refractive

index has been neglected and ns(w) = n,(w) was a real number. For the absorption

<

5>, with the absorption coefficient

the imaginary part of n, is determined by n; =

« [68]. By inserting this into equation (234]) we obtain for the transfer function

H(w) = A)e>® = B (2, () <) i (230

Solving (2.36)) gives, with the ratio of the field amplitudes A, the absorption coef-

ficient
a(w) = —?Zln (%A) | (2.37)
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2.4 THz beam propagation

Since THz radiation bridges the gap between the microwave and optical regimes
it combines aspects from both fields. While the microwave regime is characterized
by the fact that most devices are comparable or much smaller in size to the wave-
length of the radiation, the optical and infrared ranges are generally characterized
by devices with dimensions much larger than the wavelength. As a consequence,
the propagation of energy in the microwave region is generally in the form of single
or low-order-mode guided waves in hollow core metallic waveguides. In contrast
visible light typically is guided in multimode dielectric waveguides or via free-space
propagation. There are of course exceptions, such as single-mode propagation in
optical fibers. However, propagation in the visible can be described in terms of
geometrical optics. Free space propagation of THz waves exceeds the limitations of
geometrical optics and is characterized by quasi-optical propagation. This special
feature of THz radiation has to be considered for optimized free beam optics. An-
other aspect is waveguiding in the THz region. THz waveguiding is possible both
with metallic and dielectric waveguides, however, both concepts have difficulties.
Over the next pages we will discuss those topics in the scope required for this thesis.

A more detailed study can be found for instance in reference [69] or [70].

2.4.1 Quasi-Optical Systems

For THz optical systems an important aspect is the control of lateral extent and
mode quality of a THz beam. Typically in such systems, the THz beam is focused
onto some components with a spot size comparable to its wavelength. Hereby
diffraction is of great importance to describe the beam propagation. Quasi optics
deals with such cases where a beam of long wavelength propagates in free space un-
der the influence of strong diffraction. For a monochromatic and linearly polarized

electromagnetic wave in free space the electrical field is given by:
E(r,t) = e, E(z,y,2)e ™" (2.38)
The wave equation (2.1) takes the form of the Helmholtz equation

V2E(w,y,2) + kK’ E(z,y,2) =0, (2-39)
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2.4 THz beam propagation

with the wave number k = w/c = 27/\. For the beam propagation along the z-axis,

the electric field can be written as
E(Z.? y7 Z) - m('/L‘7 y7 Z>€Zkz7 (2'4())

where the field amplitude ¥(z, y, z) varies slowly along the z-axis. With the paraxial

approximation

Gl
022

oV
2k | —
== 0z

, (2.41)

and substitution of equation 2.40into equation 239 leads to the Helmholtz equation
in paraxial approximation

v 9*v LoV

92 + 8_y2 + 21/{5 =0, (2.42)
in which the beam is confined to the vicinity of the propagation axis. The so-
lutions to this wave equation are Hermite polynomials in rectangular coordinates
and Laguerre polynomials in cylindrical coordinates with a Gaussian function as an
envelope. As the spot size is minimized at z = 0 and r = \/m, the solutions
can be written in the form V(x,y,z) = ¥(r, z). The field amplitude at a distance
z from the beam waist is given by [71]

U(r,z) = _wu(); e w(@)? gikr? [2R(2) +id(2) (2.43)

where the beam parameters, w(z), R(z), and ¢(z), are defined as

w(z) = wp {1 + (230)2} : : (2.44)
R(z) =z [1 + (%)2] : (2.45)

é(2) = tan™! (3) , (2.46)
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with the Rayleigh length

2
Tw,

2 = —kwp = —2,
2 A

(2.47)
and wy is called the beam waist radius. Hereby the spot size at the focal plane
is conventionally defined by the beam diameter 2wg. In free space propagation of
THz radiation, the lower order modes are dominant in general. Therefore only the
lowest-order solutions are considered. The lateral beam profile in the plane of the

beam waist takes the Gaussian function
U(r,0) = e "/, (2.48)

Equation 24§ also implies that the beam has a flat phase front at the beam waist.
The beam expands away from the focal plane, while its profile remains Gaussian.

In figure 2.9 the Gaussian beam expansion near the beam waist is shown.

Figure 2.9: Beam waist of a Gaussian beam.

Within the confocal range, —zy < 2z < 2y the beam divergence is insignificant
w(£z) = V2wy. Here the field amplitude reduces to 1/e of its on-axis maximum

at z = %2.

The equiphase surface forms the spherical phase front, having the radius of cur-
vature R(z). The phase delay ¢(z) is called the Gouy phase of the beam. The
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2.4 THz beam propagation

Figure 2.10: Focusing of a Gaussian beam with a thin lens of focal length f.

divergence of the beam is determined by the angle

a = lim tan™! lw(z)] = tan™? (@) . (2.49)

z—00 z 20

If the beam diameter is much larger than the wavelength (wo >> X), the divergence

angle approaches
a2 —. (2.50)

A simple and practical application is the focusing of a Gaussian beam by a focusing
element. In figure the focusing by a thin lens is illustrated.

The beam waist can be determined in terms of ray matrices. As a result of such
a consideration (see references [T1l[72]), we obtain following relations for the beam

waists

w(z) = wy , 2.51

O e o
_ s dl(dl_f)+zg

t=] { i~ P+ 22 } | (252)

where zp = 7w3/\ is the Rayleigh length of the beam waist wy. Figure 211]

shows the propagation of THz waves for several frequencies, plotted is the beam
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waist as a function of the position z along the propagation direction. The THz
emitter is placed at the position z = 0 with an initial waist of wy = 2.75mm The
lens is positioned at z = 120mm. It is clearly illustrated that the beam waist is
frequency dependent, with higher frequencies having a smaller diameter than lower
frequencies. For an accurate imaging this frequency dependent behavior has to be

considered. A perfect imaging can be realized by using a telescope with a pair of
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Figure 2.11: Calculated beam waist of a Gaussian beam focused by a thin lens with f =
120 mm and wg = 2.75 mm along the propagation axis z.

lenses (or mirrors), separated by the sum of their focal length. The magnification
and the focal plane location are then the same as those of geometrical optics.
However, for lower frequencies the paraxial approximation does not hold and such
a description of the beam propagation is invalid. In the limit where wo/A << 1, one
can use Bethe’s diffraction theory [73[74] to describe the propagation of the THz
beanﬂ. In this regime, the typical diffraction length, analogous to the Rayleigh
length in Gaussian optics, is given by zp = 272 - wj /A% This shows that low

frequencies diffract much quicker than predicted by the paraxial approximation.

2The analogy is not perfectly exact, because in Bethe’s theory diffraction of a plane wave is
studied using a conducting plate with a hole whose size is small compared to the wavelength
of the radiation. In our case the boundary conditions are slightly different, since there is no
conducting medium around. Therefore in Bethe’s case the fields might fall off much sharper
then they really do.
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2.4 THz beam propagation

However, for frequencies above 0.5 THz Gaussian optics gives a good description of
the THz beam propagation [60,[72].

2.4.2 THz wave-guiding

Numerous wave-guiding techniques have been investigated for the propagation of
broadband THz pulses, using hollow metallic structures [75], dielectric fibers [76],
dielectric slabs [77], parallel-plate structures [78,[79], photonic crystal fibers [80],
coaxial lines [81], metal wires [82H84], and metallic slits [85]. These have demon-
strated great potential for applications such as high-speed interconnects, spec-
troscopy, sensing, imaging, microscopy, and signal processing. However, a THz
wave-guiding technique that provides a complete solution, satisfying all of the re-
quirements of low loss, low dispersion, single-mode propagation, with good energy
confinement, and efficient input coupling, is still missing. For example, the use of
the dominant transverse-magnetic (T'My) mode of a dielectric slab waveguide or
the Sommerfeld mode of a cylindrical metal wire can provide extremely low intrin-
sic losses, but the former suffers from high group velocity dispersion (GVD) [77],
while the latter is prone to radiation losses even for large bending radii and suffers
from poor coupling from a linearly polarized input beam [8384]. Additionally, the
use of the transverse-electromagnetic (TEM) mode of a parallel-plate waveguide
can provide low losses, negligible dispersion and very good coupling, but cannot
provide complete confinement, due to the one-dimensional nature of the guide. Re-
cent studies [79] discussed the possibility of achieving extremely low losses (in the
dB/km range) and good energy confinement via the use of the T'F; mode in parallel-
plate waveguides, although under single frequency or continuous-wave operation.
In these studies the typical drawback of a low-frequency cutoff for the T'E; mode
has been minimized by using transverse-concave metal plates. In general, these
THz waveguides can be divided into three rough types according to where the THz
wave is guided. The first are metallic tubes or rectangular waveguides where the
THz wave is guided inside the hollow space. Second, plasmonic waveguides where
the THz wave is guided at a metal-dielectric interface (e.g. metal wires). And the
third are dielectric and photonic crystal waveguides, where the light is confined to
the core by total internal reflection or by a photonic crystal creating a photonic

“band structure”. Nevertheless, is similar the form of the wave equation describing
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2 Fundamentals of THz time-domain spectroscopy

the THz propagation in the waveguides, while the main differences are given by
the boundary conditions. Representatively we will discuss the propagation of a
transverse electric (TE) THz mode in a GaAs slab with a width of d = 400 pm and
a length of 2mm. The top and bottom side is metalized by a thin Au/Cr layer.
The wave equation (2.H) for an incident wave E = (0,0, Ey,), of the electrical field

inside the waveguide is then
V x (VxE)—n*kiE =0. (2.53)

Thus, the field pattern of the THz wave is determined by the refractive index n.
We assumed a refractive index of ng,as = 3.612 in the GaAs slab and a refractive
index of ng, = 1 outside the slab. As boundary condition it is assumed that the
upper and lower side of the slab are perfectly conducting due to the additional
metallization layer, therefore the F, component has to be zero at these surfaces.
Figure shows the calculated electric field (blue indicates a field minimum and
red a maximum) for 0.5 THz, 1 THz, and 1.5 THz from top to bottom. In figure
it is clearly demonstrated that the characteristics of the waveguide changes
from single mode (0.5 THz) to a multimode (1.5 THz) characteristics, within 1 THz
variation. At higher frequencies other modes than the T'F,q appear, causing a
“dirty” signal. The input wave then splits into several modes that are hard to
control without having large power losses at the output of the waveguide. This is a
challenge that has to be considered by the design of a THz waveguide for broadband
THz pulses with a typical bandwidth of several THz.

This kind of waveguide can be treated analytically as well, and is therefore ideal
for testing our numerical model. The analytical solution for wave propagating in
x-direction (coordinate system in figure 2.12]) has a discrete set of solutions of the

form of
En(z,y, 2,t) = Ey - sin(mmy/d) - e~ e+t (2.54)

The z-component of the electrical field E at a fixed position x is then determined by

E.(y) = Epsin(™5?), which is exactly the cross sectiorﬂ of our numerical solution

along the y-direction. For 0.5 THz this solution is the T'E; mode (m=1). The ana-

3cross section parallel to y coordinate
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2.4 THz beam propagation

field

Au Iayer

\ .
1.5 THz \

m IR \yf” Wil ‘”’ J

. mnm-lnlem:|u|n|ml||n|-hl LAWY

GaAs A - _q

Figure 2.12: Field distribution of THz waves for different frequencies in a GaAs slab (left)
and its transition to free space (right). The calculations were done numerically by using the
commercial software Comsol [86]. Red are the maxima, blue the minima and green represents
the zero-crossings of the electrical field. As source for the THz radiation a dipole is placed in
the black square at the left end of the slab.
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2 Fundamentals of THz time-domain spectroscopy

lytical model does not include reflections of the THz wave at the interface between
GaAs-air. In the numerical model this is considered and results in opposed travel-
ing waves superimposing with each other. This effect becomes more important for
higher THz frequencies, therefore the modes are not so clearly identifiable in the
numerical calculation (e.g. for 1.5 THz). Nevertheless, the good agreement between
both solutions at the lower THz frequencies verifies our numerical model. We will

need this for a simulation later in chapter
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3 Scalable photoconductive THz
emitters and detectors

The disadvantage of conventional small aperture photoconductive devices, as pre-
sented in section 2213 is the small active area in the 10 ym? range, demanding
tight focusing of the NIR beam. This leads to high excitation densities for higher
pulse powers. Because of that, the saturation level of an emitter is reached quickly.
Furthermore, the gating beams for these antennas need to be aligned precisely at
the photoconductive gap. Additionally, the laser power has to be reduced to avoid
damaging the device through excessive heat generation. This leads to a reduction
in usable laser power and therefore to a reduced efficiency [60].

Because of the large electrode distances, a large aperture emitter needs higher
voltages than small aperture devices to obtain the same bias fields. Usually the
electrode distance in such emitters are larger then the spot size of the stimulat-
ing laser. Therefore another drawback is that the excited carriers can not reach
the electrodes on a time scale which is shorter then the duration of the generated
THz pulse. This leads to the formation of a contrarily oriented dipole between
the electrodes screening the external bias field. As a result the THz emission sat-
urates rapidly by increasing the excitation densities [87]. It has been shown that
semilarge-aperture emitters, i.e., emitters where the electrode gap is comparable
to the central wavelength of the emitted radiation, are very efficient [88]. In this
chapter another type of THz device is presented without the disadvantages of those
conventional designs.

Parts of this chapter have been published in Appl. Phys. Lett. 91, 081109 (2007);
Appl. Phys. Lett. 93, 101102 (2008); IEEE J.Sel. Top. Quantum Electron. 14,
449 (2008), and Opt. Express 17, 1571 (2009).
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3 Scalable photoconductive THz emitters and detectors

3.1 Chip Layout

OO O O O O B
NIR
~————~ ~———~
N profile———
top view _EIL>

Figure 3.1: Layout of the scalable Terahertz emitter in profile and top view. The first metal-
lization is an interdigitated finger electrode (red and orange) fabricated on a substrate like Sl
GaAs (light-blue). The spacing between the individual fingers is 5 um. A second metallization
(green) insulated from the first shadows every second spacing of the interdigitated structure.
The arrows on the left indicate the bias field direction when an external voltage is applied.
The active area can scale from 1 mm? to 1cm?. The arrows on the right side illustrate the
radiated THz field from the active regions.

The approach of the Rossendorf scalable photoconductive device was based on
an idea by Thomas Dekorsy. It combines the advantages of an high bias field with
small electrode distances and a large active area by scaling the active region. The
basis is an interdigitated electrode as shown in figure 3.1l and an additional met-
allization shadowing every second spacing. The second metallization is insulated
from the first. If an external voltage is being applied to the electrodes, a uniform
bias field is initialized as indicated by the arrows in figure Bl In general, the sub-
strate is a semiconductor with a high carrier mobility and a bandstructure which
allows efficient excitation with the applied laser system. By illuminating this struc-
ture with a fs Titanium Sapphire laser (Ti:Sa) at 800 nm semi-insulating (SI) GaAs
is an adequate material. In that case carriers are generated and accelerated in a
uniform direction. Because of that, the elementary THz waves which are generated
in the non-shadowed regions interfere constructively in the far field. As a conse-
quence of the THz emission by that intrinsic carrier acceleration, the bandwidth of
the emitted radiation is not limited by a resonant characteristics. The polarization
of the emitted radiation is determined by the structure of the electrodes. For the

interdigitated electrodes in figure B.1] the polarization is linear and the field vector
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3.1 Chip Layout

(d)

Figure 3.2: Draft of emitter for radial (a-c) and azimuthal (d-f) polarized THz radiation. In
(a,d) the electrode geometry of the first metallization and in (b,e) with second metallization
(green) is illustrated. (c,f) shows the resulting mode patterns. The arrows indicate the electric
field and the shade the intensity distribution.

of the THz wave is orientated perpendicular to the electrodes.

In principle this approach can be utilized to generate THz beams of various field
patterns. Because metal electrodes act as equipotential lines, the field pattern is
then always normal to their electrode geometry. Emitters for radially polarized
modes consist of concentric ring electrodes. The distance and width of the elec-
trodes are 5 um each. Emitters for azimuthally polarized modes consist of a circular
arrangement of metalized sectors. The principal layout of the electrode geometry
for radially and azimuthally polarized THz radiation is shown in figure (a) and
(d), respectively. In figure (b) and (e) the second metalization is illustrated
(green), which prevents the destructive interference of THz wavelets from neigh-
boring electrode gaps. This principle is adopted from the microstructured devices
for linearly polarized radiation with parallel metalization lines. The resulting mode

patterns are shown in figure (c) and (f). The diameter of the emitters are
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3 Scalable photoconductive THz emitters and detectors

2mm. The emitters for radially polarized radiation contain 100 gaps between the
electrodes, the ones for azimuthally polarized radiation comprise 92 gaps. Due to
the fine patterning, the slight breaking of radial symmetry by the metalization lines,

which connect all parts of the electrodes of similar polarity, is negligible.

3.1.1 Manufacturing

spin coat,
photo resist

GaAs wafer exposure developing

metal deposition

5nm Cr lift-off
150 nm Au ot — / « passivation layer (Si ;N,),
—_— : « second metallization,

« soldering and mounting

Figure 3.3: Scheme of the photolithographic process for manufacturing the THz devices.

For the purpose of our research the chips were processed, in a class 100 clean room
at the “Process Technology Department” of our institute. In addition, the chips for
the low volume production were manufactured by the Gesellschaft fiir Silizium-
Mikrosysteme mbH (GeSiM). The wafers were polished on both sides and either
350 um or 625 um thick. The specified electron mobility was > 6000 cm? /Vs and the
resistivity of the semi-insulating wafers was > 107 Qcm. In figure the first met-
allization process is illustrated. The substrates were cleaned by trichloroethylene,
acetone and methanol in an ultrasonic bath. The cleaned wafers were spin coated
with photoresist and exposed to UV light through a chromium mask with a neg-
ative of the electrode structures. After developing the photoresist 5 nm chromium
and 150 nm to 200nm gold were deposited. The lift off was carried out in a ul-

trasonic bath with acetone. After cleaning with acetone and drying with nitrogen

46



3.2 Scalable antenna as an emitter

gas the insulating layer was deposited. For this passivation silicon nitride (Si3/Ny)
was used which was deposited by Plasma Enhanced Chemical Vapor Deposition
(PECVD) [89]. These layers ranged in thickness from 300nm up to 1um. For
opening the contact pads Reactive Ton Etching (RIE) was employed in combina-
tion with an additional photolithography step. Finally the second metallization,
which shadows every second spacing, was realized by a similar process as the first
metallization. Here the layer thickness was 5nm Cr and 50 nm Au. The electrical
contacts for applying the bias field or measuring the photocurrent were realized by

soldering.

3.2 Scalable antenna as an emitter

The suitability of the scalable antenna to act as an emitter excited with various

laser systems is analysed in the following sections.

3.2.1 Performance and operating parameters

An optimum excitation condition exists when the spot size of the excitation beam
is similar to the main emitted wavelength. This wavelength is typically around
300 um [60]. Figure B4l (a) illustrates the experimental setup. The THz radiation
from the emitter was refocused on the EOS crystal (230 um ZnTe) by two off-axis
parabolic mirrors. The terahertz signal and the sampling beam are combined by a
tin doped indium oxide (ITO) coated mirror. Temporal resolution is achieved by
mechanical delay of the sampling beam. In figure B.4] (b) the dependences of the
THz field amplitude on the bias field is plotted. It shows that over the investigated
range from 8 to 80kV/cm and an excitation fluence of 8 ;%Jz the field amplitude
scales linearly with the bias field. Other research groups observed saturation of
THz emission for bias fields over 100kV/cm [91H93]. In these articles the satura-
tion is attributed to a faster side valley transfer of electrons for higher bias fields.
After interband excitation electrons in GaAs can transfer into the L- or even the
X-valley of the bandstructure as soon as the bias field is above 5 kV/em. Because
of the higher effective mass these carriers are not accelerated efficiently any more.
Furthermore, these carriers have an velocity overshoot prior to intervalley scatter-

ing and are decelerated in the side valley. For bias fields above 200 kV/cm the
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3 Scalable photoconductive THz emitters and detectors
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Figure 3.4: Graphic (a) illustrates the experimental setup, excitation was with the Tsunami
Laser system from Spectra Physics (see appendix [AJ]). Graphic (b) shows the THz field am-
plitude, measured by EOS in a 230 um thick ZnTe crystal, in dependence on the accelerating
bias field with an excitation spot size of 300 um (FWHM) and an excitation power of 470 mW
(Black squares - data points, solid line - linear fit). In (c) the dependence of the emitted THz
power on the excitation power at a bias of 10V is shown. The power was measured with a
pyroelectric detector (Black squares - data points, solid line - square fit).

electrons in GaAs can accumulate the energy on a much shorter time scale, and
the side valley transfer can occur already during the excitation by the 70fs laser
pulse. Hence, their contribution to the radiated field of the THz trace is minimal
and saturation is observed [94]. However, it was found that this effect increases the
bandwidth of the emitted radiation [95].

Figure[3.4] (c) illustrates the dependences of the THz power on the optical excitation
power. The bias at the emitter was 10 V. As anticipated, the detected THz-power
rises quadratically with the optical excitation power, since the THz field amplitude

depends linearly on the number of accelerated carriers. Hereby 800 mW corresponds
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3.2 Scalable antenna as an emitter

to a fluence of about 15 £%. Experiments with the amplified laser system (AI2)
showed that this is true for fluences of up to 25 C%Q [72]. For higher excitation
fluences saturation occurs due to screening of the bias field by the generated THz
field [87O6HIE|. Saturation by carrier screening is not significant since the electrode

distance (5 pm) is always small relative to the excitation spot size (300 pm) [95].
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Figure 3.5: Amplitude spectrum and temporal waveform of the EOS signal from a scalable
antenna based on a S| GaAs substrate. Excitation was with the 15 fs-titanium-sapphire-
oscillator system )

To measure at higher THz frequencies, we applied EOS and ultrashort (15fs)
laser pulses to characterize the emission spectrum of a scalable antenna based on
SI GaAs. Here the antenna was biased with 20V and excited with 100 mW of
optical power. The crystal for detection consisted of a 10 um thick (110) oriented
Zn'Te active layer glued onto 1 mm ZnTe oriented in the (100) direction. The (100)
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3 Scalable photoconductive THz emitters and detectors

oriented crystal delays reflected pulses in time. The Fourier transform and the
detected THz waveform are shown in figure The maximum of emission occurs
at 1 THz with a 10 dB range from 0.16 to 4 THz. The spectrum extends up to about
12THz. The broad dips in the spectrum from 4.5 to 6 THz and 6.8 to 11 THz are
due to the reststrahlenbands of ZnTe and GaAs, respectively. The fine structure
on the spectrum is caused by residual water vapour absorption in the setup, which

is purged with dry nitrogen.

3.3 Scalabale emitter for excitation wavelengths

above 1 um

The availability of low-cost, stable and compact fiber lasers has stimulated research
in PC antennas, which are based on substrates that allow interband excitation with
wavelengths up to 1.55 um. The challenge is to find small-gap materials with high
resistivity and a short lifetime of the photo-excited carriers [99]. Low-temperature
grown GalnAs and ion-irradiated GalnAs, both grown lattice-matched on InP, have
been used as substrate materials for dipole emitter antennas [T00,[I0T]. However,
the resistivity of these materials is still too low for large-area emitters with inter-

digitated electrodes.

3.3.1 GalnAsN substrate

In this thesis a substrate material is investigated which is based on 1000 nm qua-
ternary Gaggelno11A50.06Noos on (001) GaAs grown in a Varian Gen IT Modular
molecular-beam epitaxy (MBE) system using Al, Ga, In and As solid sources and
a rf nitrogen plasma source. The optimum growth temperature, which depends on
the In-content of the structure, was in the range of 530° to 580 °C [103]. While the
indium increases the lattice constant in the alloy the nitrogen lowers it, permitting
a nearly lattice matched compound with an active layer of 1 um on SI GaAs (left
side in figure B.6]). As indicated on the right side of figure 3.6, both the indium
and the nitrogen narrow the bandgap. Further optimization is achieved by an addi-
tional Aly3Gag7As/GaAs heterostructure layer (60 nm AlGaAs and 5 nm GaAs) as

a barrier on top, giving rise to a higher resistance of the structure when contacted
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Figure 3.6: Left: Profile of the MBE grown substrate. Right: Bandgap of IllI-V compound
semiconductors and their ternary alloys (lines) at zero temperature [104].

from the top.

Optical and electrical characterizations

Figure B.7 shows the transmission spectrum of an emitter based on the structure of
figure 3.6l The large oscillations are Fabry-Perot oscillations due to the Sig/Ny layer
of the device; the smaller ones occur from water absorptions [I05]. The substrate
shows a strong absorption below 1.5 um. This step in the transmission spectrum
is linked to the bandgap and therefore to the excitation of free carriers in the
substrate [106]. The absorption coefficient of the GalnAsN layer at a wavelength
of 1.3 um is 1.5 x 10* cm™!, which is comparable to the absorption coefficient of
ST GaAs at 800nm [107]. The substrate shows a resistivity of 500 k2 cm, which is
almost three orders of magnitude higher than previously reported for high resistivity
GalnAs material grown on InP substrate [108]. After processing the interdigitated
electrodes, the whole device resistance is 280 k€2, enabling a high bias field of up to
60kV /cm.
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3 Scalable photoconductive THz emitters and detectors

transmission

ooL——
12 14 16 18 20
A (um)

Figure 3.7: Transmission spectrum of the emitter based on a GalnAsN Substrate with AlGaAs
heterostructure. The measurement was done with a Fourier Transform Infrared Spectrometer
(FTIR) from Bruker GmbH (Equinox 55).

3.3.2 Experimental

For the following investigations we utilized pulses from an optical parametric os-
cillator (OPO) which is driven by a mode-locked femtosecond Ti:sapphire laser
(Tsunami Spectra Physics -see appendix [A.T.4]). The signal beam of the OPO is
tuneable between 1.1 and 1.5 um. The pulse duration is on the order of 250 fs.
While the signal from the OPO excites the emitter, a small part of the 820 nm
beam from the Tsunami is split off before entering the OPO and is used for electro-
optic sampling in a 1 mm thick (110) oriented ZnTe crystal. A rectangular voltage
of 15V with a duty cycle of 50% and a frequency of 5kHz serves as bias for the
emitter. The terahertz signal and the sampling beam are again combined by a tin
doped indium oxide coated mirror and focused on the ZnTe crystal by a pair of gold-
coated off-axis parabolic mirrors. The transmitted sampling beam was separated
in its vertical and horizontal components by a polarization sensitive beamsplitter

cube. Balanced detection is performed using two photodiodes and a quarter-wave-
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TiSa 78 MHz
820 nm

OPO BS
1-1.5 pm

THz emitter

- §
el
¥

ZnTe-crystal

N L ETHz

Figure 3.8: Setup for THz generation with the OPO and detection by electro-optic sampling.
The red arrow in the box symbolises the polarization change of the sampling beam which is
proportional to the THz field.

plate (figure B.8]). To prevent water absorption, the whole setup is purged with dry

nitrogen.

3.3.3 Results and Discussion

Figure displays the temporal waveform of the THz field, the Fourier transform
amplitude is shown in the inset. The spectral maximum is around 1 THz and the
usable bandwidth exceeds 2 THz. The terahertz trace is measured with a lock-in
technique and has a signal-to-noise ratio of 400 at 100 ms lock-in time constant.
The bandwidth of the emitted terahertz radiation is limited by the pulse duration
of the OPO. For a 250 fs pulse the bandwidth is limited to about 2THz. On the
right side of figure the dependency of the terahertz signal on the excitation
wavelength is shown for constant excitation power. Between 1.1 and 1.34 ym the

terahertz emission remains constant. For excitation wavelengths above 1.4 um the
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Figure 3.9: Left: Terahertz trace at 1.3 um excitation wavelength and spectrum (inset) ob-
tained by Fourier transformation. Right: Terahertz signal and photocurrent vs excitation
wavelength (black squares and red triangles, respectively). The excitation power was kept
constant at an average value of 25 mW.

signals are about five times smaller as compared to the shorter wavelength. This is
consistent with the behavior of the measured photocurrents of the emitter. Based
on the transmission spectrum in figure 3.7 where absorption is observed up to an
excitation wavelength of 1.5 um, we would expect the decrease in terahertz emission
to occur at longer excitation wavelengths. Considering that the emitted terahertz
field is proportional to the mobility times the excited carrier density, this can be
attributed to a lower mobility of the electrons due to the modified band structure
in a GalnAsN alloy. Shan et al. [L09] have found that in Ga,_,In,As;_, N, alloys
the incorporation of nitrogen leads to a splitting of the conduction band into two
nonparabolic subbands E, (k) and E_(k) (anticrossing model [I10]). The nitrogen
forms independently from the concentration a localized impurity level above the
conduction band minimum of GaAs. The reason for the anticrossing is that this
impurity level is within the conduction band and therefore resonant to the states in
it. E4 (k) denotes the band which is above the original GaAs conduction band and
E_(k) is the lower band narrowing the bandgap in GaAsN. The curvature of the
lower band E_ (k) is slightly smaller and therefore the effective electron mass higher
and the mobility lower. This is an explanation of the observed wavelength depen-
dency. Furthermore Fahy and colleagues have shown [I11] that in those diluted

nitride semiconductors an intrinsic upper bound on the carrier mobility exists. For

o4



3.3 Scalabale emitter for excitation wavelengths above 1 pum

a GaAs,_,N, alloy with a nitrogen atomic concentration of 1% they estimated a
carrier mobility of 1000 cm?/Vs, which is six times lower than in ST GaAs. Partic-

ularly for smaller photon energies these limitations becomes important.

3.3.4 Comparison with conventional SI GaAs based emitter

Figure a shows a comparison between a normal SI GaAs emitter and the
GalnAsN/AlGaAs emitter at 800 nm excited with 500 mW optical power, 80 fs pulse
duration and focused to a spot of 300 um. For SI GaAs the signal is eight times
higher than that for GalnAsN/AlGaAs. In principle the emitted THz field is pro-
portional to the mobility multiplied by the excited carrier density. Since the number
of excited carriers at 800 nm in GalnAsN/AlGaAs is at least equal to that in SI
GaAs, we conclude from our data that the mobility in GalnAsN/AlGaAs is at least
eight times lower than in SI GaAs (6000 cm? V—!s™1).

Figure b shows the THz signal vs. excitation power for 800 nm, 1250 nm
and 1350 nm wavelength. For the whole optical power range of the OPO up to
a fluence of 1uJ/em? we observe a linear dependence of the emitted THz field.
The inset shows even higher optical powers obtained from direct excitation by the
Ti:sapphire laser at 800 nm and up to 500 mW corresponding to a carrier density of
10'" cm 3. This behavior is in contrast to low-temperature-grown GalnAs emitters
on InP with smaller active areas operating at 1.56 um, where saturation by carrier
screening already occurs at some mW optical excitation powers [101], . This is
due to the scalability of our device, allowing larger excitation spot sizedl, locally
decreasing the carrier concentration between the electrodes, while the total number

of excited carriers remains high.

!Typical in the order of 300 um. (FWHM)
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Figure 3.10: (a) Terahertz trace of a SI GaAs emitter (black dotted) in comparison to
(b) Terahertz field from the

GalnAsN/AlGaAs emitter as a function of excitation power at 800, 1250, and 1350 nm (red
triangles, black squares, and blue circles respectively). Solid lines are fits to the experimental

a GalnAsN/AlGaAs emitter (red solid) excited at 800 nm.

data. The inset shows higher optical excitation powers reached at 800 nm.
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3.4 THz detector properties

3.4 THz detector properties

Unlike for emitters, there is not a THz
wide variety of designs for detection f—l‘ﬂ‘__—'
antennas. Basically, dipole, strip line, g photocurrent —
bow tie, and logarithmic spiral anten-
nas have been tested, with the dipole profile
antenna being the most widely used
design [44,[45]. A common feature of
these detectors is a photoconductive gap
of a few microns. Such antennas, and £ 4 4 4 ¢ 4 4 4 ¢
also detection based on EOS, require

tight focusing of the THz beam as well

as the gating beam. Furthermore, the

top view

antennas need a precise alignment of

the gating beam to the photoconduc- Figure 3.11: Layout of the scalable detector.
tive gap. The concept of the scalable The arrows indicate the photocurrent in the

device with interdigitated electrodes pro- detector.

vides detectors that do not require tight

focusing of either the THz beam or the near-infrared gating beam. These antennas
detect THz radiation polarized perpendicular to the electrodes. In the absence of
the second metallization (figure B.IT]) photocurrent distributions from neighbouring
gaps of the metallization would charge electrodes equally, which results in a zero net
photocurrent. However, the complete structure (lower part of figure B.11]) allows a

net current to flow.

3.4.1 lon implanted GaAs

Samples were prepared by ion implantation of Nt or As™ into SI GaAs. All im-
plantations were dual-energy implants; the energies and doses are listed in Table
B3Il The sample names are abbreviated with a suffix LD, MD, and HD, indicating
low dose, medium dose, and high dose, respectively. In figure (a) and (c), the
implantation profiles calculated with the SRIM software [112] are shown for the
NT and As™ implantations, respectively. The aim was to achieve a fairly uniform

distribution of trapping centers for the photogenerated carriers. The concentration
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3 Scalable photoconductive THz emitters and detectors

Sample name FE dy B, do

(MeV) | (em™2) | (MeV) | (em™2)
GaAs:N-LD 0.4 1-10"2 0.9 3-10%
GaAs:N-MD 0.4 1-10% 0.9 3-10"
GaAs:N-HD 0.4 1-10% 0.9 3-10M
GaAs:As-MD 1 8-10' 2.4 3.2-10"
GaAs:As-HD 1 2.5-10" 2.4 1-10%

Table 3.1: Implantation parameters, namely, energy E and dose d for the dual-energy im-
plantation of the samples

of generated vacancies is a measure for the trapping centers. The damage profiles
(figure B.12)) indicate that the materials are modified to a depth of about 1.5 pm.
Hence, all carriers generated with near-infrared radiation are created within the
implanted region. Photoconductive devices were processed on the as-implanted
materials and also on substrates that were annealed at 500 °C' in N, ambient after
implantation. During annealing, the samples were covered with a GaAs proximity
cap. Annealing times were 10 and 30 min for the GaAs:N and the GaAs:As samples,
respectively. In the following, sample names of the implanted substrates represent
annealed substrates, except when the suffix “ai” for as-implanted is added. As a
reference for the ion implanted samples, we fabricated devices based on LT-GaAs
(layer thickness: 2 um, growth temperature: 200 °C, annealed at 600 °C for 10 min
in Ny ambient with GaAs proximity cap) and on SI GaAs.

A useful technique for the characterization of lattice perturbations is Raman spec-
troscopy. Examples of such perturbations are lattice disorder, strain, symmetry
breakdown, etc. Figure shows the Stokes line of a Raman measurement from
the LO phonon in GaAs (290 cm™! [57]). The black solid curve belongs to SI GaAs,
while the red and blue ones belong to various implantation doses of As into GaAs.
On the left side in figure B.13 the measurement was done with as-implanted samples
while on the right side the samples were annealed as described above. For the as-
implanted samples the Stokes line is shifted toward smaller energies. Furthermore
line broadening and a shift of the base line on the low energy side is observed, indi-
cating the damaging of the GaAs matrix by the As implantation [T13-115]. After
annealing the overlap of the stoke lines with the SI GaAs reference is much better,

clearly demonstrating that annealing leads to substantial recovery of implantation
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Figure 3.12: (a) Concentration of implanted ions for the GaAs:N-MD sample. (b) Concen-
tration of vacancies for all GaAs:N samples. (c) Concentration of implanted ions for the
GaAs:As-MD sample. (d) Concentration of vacancies for all GaAs:As samples. The red dot-
ted line represents the implantation with Fq, the blue dashed line the implantation with E5,
and the black solid line the sum of the two.

damage.

3.4.2 Electrical Characterization

The dark resistance of all devices fabricated on as implanted materials, with the
surprising exception of the GaAs:N-MD-ai sample, were below 10 €2, and therefore
useless for either THz detectors or emitters. The structures based on GaAs:N-
MD-ai yielded resistance values of 13k{2 and were suitable for THz experiments.
Low dark currents are important for detectors, since the dark current is a source
of noise. Annealing resulted in an increase of the device resistance by many orders
of magnitude. As can be seen in (figure B.I4(a)), the dark current of the annealed

GaAs:N-MD samples is five orders of magnitude lower than the dark current of
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3 Scalable photoconductive THz emitters and detectors
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Figure 3.13: Stokes line of the Raman spectra for as implanted GaAs:As (left), and annealed
GaAs:As (right) in reference to SI GaAs (black). Medium dose (MD) and high dose (HD) are
colored in red and blue, respectively.

the GaAs:N-MD-ai sample. The fact that as-implanted GaAs has a low resistivity,
that increases over several orders of magnitude by annealing, has been observed
for various ion species [I16HI18]. It has been attributed to a hopping transport
that vanishes when the trapping site density is decreased by annealing [I16]. The
dark currents of all implanted-and-annealed samples and of the LT-GaAs sample
are in the sub-microampere range up to voltages of 30 V. Due to the geometry
of the electrodes, high values of sheet resistance are essential. For example, the
13 k2 of the as-implanted GaAs:N-MD-ai sample corresponds to a sheet resistance
of 2.4 x 10% Q/sq (resistivity &~ 3.6 x 10* Q-cm).

The photocurrents were measured for all samples illuminated with 800 nm radia-
tion of 3, 6, and 10 mW. The responsivity of the devices was almost independent
of the laser power in this range. For samples with highest photocurrents, a slightly
sublinear dependence of the photocurrent on the laser power was observed. In fig-
ure B.T4I(b), the responsivity of selected samples is plotted against the bias voltage.
Since the absorption is expected to be similar for all substrates, the optical respon-
sivity is a measure of the mobility and the carrier lifetime. The smallest values
were found for the LT-GaAs sample followed by the GaAs:N-MD-ai sample. The
responsivity decreased systematically with increasing dose for the implanted-and-
annealed samples. Values of 0.31, 0.13, and 0.062 A/W were found for the GaAs:N-
LD, GaAs:N-MD, and GaAs:N-HD sample, respectively (bias voltage 30 V, optical
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Figure 3.14: Detection characteristics (A=800nm, P=10 mW) for selected materials up to
bias fields of 60kV/cm (30V). (a) Dark-current—voltage characteristics. (b) Responsivity-
voltage dependence. The black line is for SI GaAs, the red for GaAs:N-MD, the blue for
GaAs:N-MD-ai, and the green for LT-GaAs.

power 10mW in all cases). This is consistent with the decreasing carrier lifetime
with increasing dose [119].

The breakthrough voltage of the samples was not investigated systematically. The
breakdown of SI GaAs was observed for some samples at fields of 80 and 120kV /cm,
the LT-GaAs samples could all be operated at fields of 100kV/cm. These values
are similar to values reported in the literature for conventional photoconductive
antennas [44], indicating that the large area patterning of the antennas is of high

quality.
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3 Scalable photoconductive THz emitters and detectors

3.4.3 Results and Discussion

For characterization, the detection antennas based on the different substrate mate-
rials are placed 23 mm behind a SI GaAs emitter antenna. The spot size (FWHM)
and average power of the near-infrared radiation are 300 um and 350 mW on the
emitter and 400 um and 70 mW on the detector antenna, respectively. A low-noise
transimpedance amplifier is applied to amplify the photocurrents. The amplified
signal is detected with a lock-in amplifier (integration time constant 100 ms). The
emitter is biased with a rectangular voltage of 12.5V with 50 % duty cycle at a
frequency of 5 kHz, which serves as a reference for the lock-in detection. The spot
size of the THz beam at the position of the detector is about 2mm. In figure 3.15]
the detected signals for the GaAs:N-based antennas are displayed. Comparing the
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Figure 3.15: Detector photocurrents based on GaAs:N substrates (left), and photocurrent
traces for the detectors based on GaAs:As, S| GaAs and LT-GaAs substrates (right).

signals for the different doses, the GaAs:N-LD signal contains more slow compo-

nents and is more “monopolar,” while the signals for the higher doses are shorter in
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3.4 THz detector properties

time and have a more “bipolar” shape. This trend can also be seen comparing the
signal of the GaAs:N-MD antenna, which still contains some slow components, with
the signals of the GaAs:N-HD and GaAs:N-MD-ai sample. This indicates that the
carrier lifetime is decreased with increasing dose, and that the annealed sample ex-
hibits a longer lifetime as compared to the as-implanted sample (Section figure
217). The long carrier lifetime of the low-dose sample also results in significantly
more noise in the detected signal. The measured signals for the other detection

antennas are displayed on the right side in figure [3.15]
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Figure 3.16: Left: Terahertz wave form detected with electro-optical sampling (grey) and
with photoconductive detector based on GaAs:N-MD-ai substrate. Right: Calculated ampli-
tude spectra for selected detectors.

Also for the GaAs:As samples, the signals indicate a reduced carrier lifetime
with increasing dose. The much longer lifetime in SI GaAs, which is typically a few
100 ps [120], leads to a signal with very slow components and a high noise level.

In table 3.2 the peak-to-peak signal, noise, and SNR are summarized. The
noise for the implanted samples systematically decreases with increasing dose. The
best SNR is found for the LT-GaAs detector and for the GaAs:N-MD-ai detector.
The good SNR of the GaAs:N-MD-ai detector indicates that the relative high dark

current is not yet limiting its performance. The annealed GaAs:As detectors are
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3 Scalable photoconductive THz emitters and detectors

Sample name | Noise (rms) | Signal (p-p) | Sig/Noise
(pA) (pA)
GaAs:N-LD 3.2 187 58
GaAs:N-MD-ai 0.2 384 1920
GaAs:N-MD 0.6 274 457
GaAs:N-HD 0.4 158 395
GaAs:As-MD 0.6 426 710
GaAs:As-HD 0.2 158 790
LT-GaAs 0.1 253 2530
SI GaAs 1.0 47 47

Table 3.2: Comparison of the peak to peak signal, noise current (RMS), and SNR for the
detectors with different substrates.

second best choice with about three times lower SNRs. Fourier transforms of the
signals from these optimum detectors are shown in figure B.I6l For comparison,
the spectra of the SI GaAs detector and from EOS are shown. At low frequencies,
spectral components for the GaAs:N-MD-ai detector are slightly stronger than for
the LT-GaAs detector, while at frequencies above 1.5 THz, they are similar. The
spectral range of the SI GaAs on the other hand is limited to about 0.3 THz. From
the temporal shapes of the detected signals, carrier lifetimes can be deduced with
an accuracy of about 20 %. By deconvoluting the signal detected with the GaAs:N-
MD-ai detector with different values of 7 and comparing the result with the form
of E(t) measured with EOSH (figure B.I6]) under the same conditions, a value of
0.7 ps was obtained for the carrier lifetime. While performing a similar analysis for
the other detectors, we find carrier lifetimes of 0.4 ps for the LT-GaAs, and times in
the range from 1.2- 2 ps for the implanted and annealed samples. These values are

consistent with literature values for comparably processed materials [T17,[1211[122].

The dependence of the photocurrent signal on the power of the near-infrared
gating beam was studied using a spot size of the gating beam of 300 um. The
maximum power of 117mW corresponds to an excitation density of 5.7 x 10*® cm 3.
For the LT-GaAs detector, a linear increase was found for gating powers below

50mW and a slightly sublinear dependence above (figure B.I7(a)).

2For the electro-optical-sampling we used two parabolic gold mirrors arranged to a telescope and
an ITO coated mirror as described in section [3.3.2
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Figure 3.17: Left: Peak-to-peak photocurrent (pc) signal as a function of the gating power,
for LT-GaAs (green squares), the GaAs:N-MD-ai detector (blue triangles), and the SI GaAs
detector (circles in inset). Right: Peak-to-peak photocurrent signal as a function of the
spot size of the gating laser, GaAs:As-MD (red circles), and GaAs:N-MD-ai detector (blue
triangles).

A similar behavior was found for the other optimum detector, namely the GaAs:N-
MD-ai detector. For the implanted and annealed detectors, a more pronounced
sublinear dependence was observed, which also set in at lower powers (see open tri-
angles in figure B.JT(a)). For the SI GaAs detector, strong saturation was already
observed for gating powers above 2mW (see inset of figure BI7(a)). In the range
of a few milliwatt, the detectors with longer carrier lifetimes (GaAs:N-LD and SI
GaAs) provided stronger signals compared to the detectors with short carrier life-
times. The strong saturation behavior for the detectors with long carrier lifetimes is
the reason why the amplitude of their signal at 70 mW gating power (see figure [3.19])
is significantly smaller compared to detectors with shorter lifetimes. We note that
the best overall SNRs are found for the LT-GaAs detector and the GaAs:N-MD-ai
detector for gating powers in the range of 50 - 70 mW. The saturation behavior
can be attributed to screening effects in the detection antenna. The antenna ca-

pacitance was measured for different active areas and a value of 13 pF/mm? was
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3 Scalable photoconductive THz emitters and detectors

obtained. For a THz field of 10 V/cm and a gating power of 2mW, we estimate
that 1.8 x 10° electrons reach the electrodes of a SI GaAs detector. Here, a mo-
bility of 5000 cm?/V - s and a carrier lifetime of 100 ps is assumed. However, the
capacitance of the illuminated spot corresponds only to 4 x 10* electrons for the
field of 10V /cm; hence, a strong saturation of the signal due to screening is ex-
pected. This consideration is independent of the value for the THz field since both
the number of electrons stored in the capacitance and the number of photoexcited
electrons reaching the electrodes scale linearly with the driving electric field. For
LT-GaAs and implanted materials with carrier lifetimes in the picosecond range
and lower mobilities, the saturation is expected to play a role only at 3 to 4 orders

of magnitudes at higher excitation densities.

400 The dependence of the detected sig-
nal on the spot size of the gating beam
g. 3501 & uAtaa, o is 1llu§trated in f.igure B:I:ﬂ(b) The
- passt spot size was varied while the gating
= I
o power was kept constant at 70 mW.
5 300)e%™ ° ©°%ca ¢ o 0% . . .
o Optimum detector signals are obtained
[e] . .
5 . Y for spot sizes in the range from 0.3
r A T to 0.6 mm. The decrease of the sig-
nal for larger spot sizes is caused by
200 T 100 the fact that parts of the gating beam
f g (KH2) irradiate the detector outside the ac-
mo

tive area of Imm x 1mm. The de-
Figure 3.18: Peak-to-peak photocurrent signal crease towards smaller spot sizes is
for the LT-GaAs detector as a function of the caused by the sublinear dependence
modulation frequency. The spot size of the gat- of the photocurrent on the excitation
ing beam is 150 um (triangles), 300 um (circles), density. For the GaAs:N-MD detec-
and 700 um (squares). tor, this decrease sets in at larger spot
sizes, because the saturation effects set in at lower excitation densities compared
to the GaAs:N-MD-ai detector.
A concern of the scalable, large-area concept can be the large capacitance of the
structure that limits the modulation frequency. The dependence of the detected

THz signal on the modulation frequency is shown in figure B.I8] for the LT-GaAs
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antenna in the range from 0.5kHz to 100 kHz. In this range, the THz signal was
independent of the modulation frequency. This was verified for different spot sizes
of the gating beam. Since the LT-GaAs antenna is the sample with the smallest
photocurrent, the largest value for the RC time constant is expected for this struc-
ture. The experiment shows that modulation in the kilohertz range is possible.
This is essential to avoid the typical 1/f-laser noise which is dominant in the range
of a few 100 Hz.

3.5 THz beams of radial and azimuthal polarization

Compared to THz waves of linear polarization and Gaussian beam profile, radi-
ally polarized beams have interesting fundamental properties such as smaller beam
waists in the focus and strong longitudinal field components in the focus [123[124].
Engineering of the THz field distribution is of great importance for THz wave-
guiding. Because of their small attenuation and low dispersion, metallic wires for
plasmonic guiding of THz waves are in the focus of intense research [8283]. Such
guided THz modes, so-called Sommerfeld modes, have a radial field distribution.
For enhanced coupling J.A. Deibel and colleagues developed THz emitter for ra-
dially polarized beams and coupled them directly to the wire [83[125]. Radial
polarization of THz waves has also been realized via velocity mismatched optical
rectification in a free-space propgation setup [126]. As shown in figure (section
B0 the concept of the interdigitated electrode structure can be transfered to vari-
ous electrode geometries. Hereby the field pattern of the generated THz radiation
is always orthogonal to the electrode structure. On the next pages beam profiles
of radially, azimuthally, and for comparison linearly polarized beams are presented
and discussed, parts of this were published in Opt. Express 17, pp. 1571-1576
(2009).

The setups for measuring the beam profiles of divergent THz beams behind the
emitter and for refocussed beams are shown in the upper part of figure The
profile is measured by moving a translation stage on which the detector and a plane
mirror are mounted perpendicular to the beam propagation axis (x direction in fig-
ure[3.19). The emitter antennas with their different electrode geometries were based

on SI GaAs, while for detection devices fabricated on GaAs:N-MD (see previous
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3 Scalable photoconductive THz emitters and detectors

section -table B.]) substrates with electrodes arranged as parallel stripes were used
(figureBJ]). Such an detector is sensitive to the linear polarized component perpen-
dicular to the electrodes. The studied pattern is then like a cross section through
the mode patterns in figure c-f. In figure (a) and (b) beam profiles for
the three types of emitters are shown for the divergent beam and for the refocused
beam. In all cases the detector is sensitive for linear polarization. For the emitters
of linear and radial polarization the horizontal component of the field is detected,
while for the emitter of azimuthal polarization the vertical component is detected.
Plotted are the peak-to-peak values of the photocurrent of the THz traces. For
an emitter with parallel electrode pattern the shape of the traces is essentially the
same for all detector positions x. The amplitude is maximal for x = 0 which corre-
sponds to the propagation axis. They can be well described by Gaussian functions.
In case of the radially polarized beam the traces for each detector position x differ
significantly (not shown). The THz traces show a change in sign as the detector is
moved from negative to positive values of x. The electric field of the lowest order

Bessel-Gauss beams for a cross-section at the height of the propagation axis has

the form [127]
T —4ln2.2?

E(z) = EyJ; (d_1) exp 2 . (3.1)
where FEj is a constant value for the field, J; the Bessel function of the first kind
of order one, d; a characteristic scale for the lateral extension of the Bessel func-
tion, do the FWHM of the Gaussian function. The direction of Ej is along the
z-direction for the radial polarization and perpendicular to both the x-direction
and the propagation direction in case of the azimuthal polarization. The measured
beam profiles for the radially and azimuthally polarized beams can be described
well by these lowest order Bessel-Gauss modes (figure B.19%(a) and B.I9(b)). Fur-
thermore free-space propagation and refocusing does not distort the profiles of these
THz beams. The deviation of the measured beam profiles from perfect inversion
symmetry with respect to x = 0 is attributed to the imperfect symmetry of the
near infrared excitation beam and imperfect alignment of the excitation beam on

the antennas. Hence, a hybrid mode consisting of a Bessel-Gauss mode and small

contribution of a Gaussian mode is excited.

For a more quantitative description of the propagation of the beams, the THz

traces are Fourier transformed and beam profiles for the divergent beam are plotted
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Figure 3.19: Upper part: Setups for measuring beam profiles of divergent and focused THz
beams. Below: Related beam profiles of linear (black squares and solid lines), radial (red
circles and dashed lines) and azimuthal (blue triangles and short dashed lines) polarization
for (a) divergent and (b) refocused beams. For the radially and azimuthally polarized beams
the lines represent fits based on the lowest order Bessel-Gauss function (equation BIl). The
fits for the linearly polarized beams rested on a Gaussian function. For clarity experimental
and calculated data of the focused radially and azimuthally beams are scaled vertically by a
factor of 4 and 2, respectively.
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Figure 3.20: Measured (dotted) and calculated (lines) profiles for 0.5 THz (a), 1 THz (b) and
2THz (c). Linear polarized correspond to black rectangles and lines, red circles and dashed
lines to the radial polarization, blue triangles and short dashed lines to azimuthal polarization.

in figure for three different frequencies. For all THz modes the lower frequency
components are more divergent than the higher-frequency components. The data
for the beam of linear polarization are fitted with Gaussian curves with FWHM
of 19.6mm, 10.4mm and 5.4mm for the frequencies 0.5 THz, 1THz and 2 THz,
respectively. The data for radially and azimuthally polarized radiation are fitted
using Eq. Bl For the radially polarized beam all frequency components can be well
described taking the same values for dy as for the fits of the linearly polarized beam
and d; = 1.25 x dy (dashed lines in figure B.20). The curves for the azimuthally
polarized beam are calculated for the same values of d; as for the radially polarized
beam for all frequencies. However, the profiles of the azimuthally polarized beam
are somewhat wider compared to the radially polarized beam. Good agreement
is found for dy being 1.2 times larger than for the linearly and radially polarized
beams for the frequencies 0.5 THz and 1 THz (short dashed lines in figure a,b).
For 2 THz a good fit is obtained with a 1.5 times larger value of ds (short dashed
line in figure B.20c). The larger divergence of the azimuthally polarized beams can
be explained by the different bias field distribution. In contrast to the emitters for
linearly and radially polarized radiation, the strength of the electric bias field is not

constant for the emitter of azimuthally polarized radiation. Instead the strength of
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3.5 THz beams of radial and azimuthal polarization

the bias field decreases proportionally to 1/z. Hence, the THz generation is more
efficient in the center of the emitter, resulting in a smaller value of the THz beam
waist at the emitter. This in turn leads to more divergent beams and therefore
larger values of dy for the detected profiles. For higher frequencies this effect is
even more pronounced, since these frequency components are enhanced for higher

bias fields [59].

Mode sensitive detection is studied in the setup for focused THz beams. The
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Figure 3.21: Traces from an emitter for radially polarized THz radiation measured with an
detector of the same electrode pattern (red solid line), and with a detector matched for
azimuthally polarized beams (blue dotted line).

emitter is optimized for radially polarized radiation. Detectors optimized for radial
and azimuthal polarization are employed. Detection with an antenna matched for
the radially polarized mode resulted in seven times larger signals as compared to
detection with an antenna matched for azimuthal polarization (figure B.21]). This
serves as a proof-of-principle that the antennas are advantageous for detection of
changes in the mode pattern. The mode selective detection is a generalization of
polarization sensitive THz detection. Polarization sensitive THz detection has been
demonstrated by special dipole antennas, which can selectively detect orthogonal

components of linearly polarized radiation [12§].
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3.6 Summary and Outlook

3.6.1 Emitter for excitation wavelengths above 1 yum

Overall, a GalnAsN based large area photoconductive THz source has been pre-
sented operating at excitation wavelengths up to 1.5 um, while best performance
is achieved for wavelengths below 1.35um. A high-resistivity substrate which is
a key prerequisite for a large-area device can be realized by molecular-beam epi-
taxy grown GalnAsN on GaAs with an additional AlGaAs heterostructure. Based
on the scalability of the device no saturation behavior over the available range of
excitation powers was observed. The limited bandwidth of the emitted Terahertz
radiation of 2 THz is attributed to the relatively large pulse duration of the OPO.
Further optimization of the balance between high resistivity and high mobility of
the substrate material should increase the performance in bandwidth and excita-
tion wavelength towards the 1.55 um range. In addition the presented device shows
an interesting opportunity for fiber lasers operating around 1.1 ym as described in
Reference [129].

3.6.2 Scalable photoconductive detector

In summary the detectors based on LT-GaAs and GaAs:N implanted with a dose
in the 10" cm~2 range provide best signal to noise ratios even for unfocused THz
radiation. Due to the large range of linearity in respect of the gating power and the
convenient range of optimum spot sizes, these structures are easy to use and well
suited for compact THz setups. The possibility to detect unfocused THz radiation
with structures that also do not require precise alignment of the gating beam on
a small antenna gap can be very interesting for the design of detector arrays for
imaging purpose or for moving detectors. The GaAs:N-MD-(ai) samples showed
that there is a further chance for improvements in responsivity by varying the

annealing temperature.

3.6.3 Radially and azimuthally polarized THz radiation

It has been shown by the example of radially and azimuthally polarized beams that

microstructured scalable THz antennas have a great potential to generate and de-
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tect any desired THz mode. The radially and azimuthally polarized beams can be
well described as lowest order Bessel-Gauss beams. Free space propagation and fo-
cusing do not distort the beam profiles. In comparison to the divergence of linearly
polarized THz beams, the divergence of radially polarized beams is similar, while
the one for azimuthally polarized beams is slightly larger. With this knowledge,
quasioptical systems can be easily adopted for those modes. In addition, mode sen-
sitive detection has been demonstrated with detector antennas similarly patterned
as the emitter devices. This serves as a proof-of-principle that the emitter-detector
arrangement is well suited for studying changes of the mode structure. Again, those
devices which are scalable in size open new possibilities to study interesting prop-
erties such as longitudinal fields in the focus of freely propagating beams of radial

polarization as well as optimized coupling to guided THz modes.
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4 Examples for Terahertz Time

Domain Spectroscopy

In this chapter several possibilities for the application of Terahertz-Time-Domain
Spectroscopy (THz-TDS) are shown. In the first section we will determine the THz
refractive index of SI GaAs which is required for the treatment of the polaritonic
phase matching in chapter 5. The other experiments deal with possible applications

of THz-TDS in food inspection and process monitoring.

4.1 Determination of the dielectric function with
THz TDS

The experimental realization is similar to the one described in the previous chapter
(figure B4 (a)). Again the fs Tsunami laser system was utilized for excitation
and detection. The sample was simply placed between the two parabolic gold
mirrors. For electro-optical sampling (EOS) a 160 um (110) thick ZnTe crystal was
used. Figure [£]]illustrates the measured THz traces, the black line represents the
reference measurement without sample, while the red line indicates the THz trace
transmitted through a 350 um thick SI GaAs wafer. What can be seen clearly is
the temporal delay and the attenuation of the THz cycle if transmitted through
the GaAs wafer. Thus the field traces contain the complete temporal waveform,
the spectra obtained by Fourier transformation include amplitude as well as phase
information. In the lower part of figure 3.4 the spectra and the corresponding
phase (inset) are shown. With this information we are able to calculate the transfer
function and therefore the dielectric function (see section23]). In order to calculate
the THz refractive index we used equation (2.35). The results are shown by black
squares in figure 2l Between 0.25 and 2.25 THz the data are in good agreement
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Figure 4.1: The graph above shows the measured time-domain-terahertz traces without sam-
ple (black reference) and with THz transmission through the 350 um GaAs wafer (red). For
generating the THz radiation a large area photoconductive device was applied excited with a
800 nm femtosecond Ti:Sa laser. Detection was by EOS with a 160 um (110) ZnTe crystal.
The graph below illustrates the amplitude and phase (inset) of the spectra obtained by Fourier
transformation of the time-domain data.

with a theoretical model based on a Lorentz oscillator with a resonance frequency
of 8.1 THz (red solid line). For higher THz frequencies the assumptions made in the
theoretical model are not valid (see appendix[A.2]). Additionally the dynamic range
of the experimental data decreases rapidly (lower part in figure [L1]). Therefore
the mismatch between theoretical (red solid line) and experimental (black squares)
data is growing for higher THz frequencies. Nevertheless, the good agreement up to
2.2 THz allows a good estimation for the polaritonic phase matching points between
THz and a near infrared (NIR) wave later in chapter Bl
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4.2 Examples of THz-TDS in process monitoring and food inspection

refractive index

05 10 15 20 25 30 35

frequency (THz)

Figure 4.2: Index of refraction of SI GaAs calculated from time domain spectroscopy data
from figure Il The red solid line is the calculated refractive index assuming a Lorentz oscil-
lator model (appendix[A]). The parameters for the calculation are wp=268.7 cm~! (8.1 THz),

€stat=12.8, €50=10,8, y=2.4cm~! [23[57].

4.2 Examples of THz-TDS in process monitoring and

food inspection

A useful feature of THz radiation is that many packaging materials like paper or
plastic foil are transparent for THz beams. In figure the modification of a THz
pulse is shown when transmitted through several paper sheets. The sheets are
normal office paper with a density of about 80g/m?. The peak of the THz field is
delayed by 160 fs per sheet. Indicated by a pulse broadening the long wavelength
component becomes the dominant part in the transmitted THz pulse with increasing
sheet number. From the spectra in figure [£.3]it can be seen that for frequencies up
to 0.2 THz the sheets are practically transparent, while for frequencies between 0.2
and 1THz the transmission of 10 sheets is about 10% and for higher frequencies
the signal drops off quickly. The dynamic range of the measrement is about six
orders of magnitude. The measurement shows the potential of THz TDS systems.
This can be utilized for tomography in the THz [130].
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Figure 4.3: THz transmission through several sheets of paper (a) in the time domain and in
the frequency domain (b).

In another experiment we investigated the THz transmission through a chocolate
praline. The experimental results are illustrated in figure 4l For comparison the
spectrum of the reference without chocolate is shown (dashed line in figure [.4]).
While an empty dried chocolate praline shows some transmission for frequencies
below 1.2 THz, a schnapps filled chocolate praline shows, due to the strong water
and alcohol absorptions, no transmitted signal. The oscillations of 0.16 THz in the
spectra of the empty praline originate from multiple reflections at the chocolate
interfaces.

Apart from being used in quality control during food inspection or for packag-
ing applications, THz systems also offer interesting oppertunities for the polymer
processing industry. Although many plastic materials in the THz range are trans-
parent, they show some characteristics in the spectra [I31]. For instance in-line
monitoring of additive content in polymers or the non-destructive testing of poly-
meric components are further fields of application. It may also be possible to use
THz radiation for monitoring process gases which are circulating inside of plastic
pipes [132]. In figure L5 the transmission of THz radiation through different kinds
of plastic cards are shown. In the time domain the different attenuations and delays

of the THz main pulse for the individual plastic cards can be clearly seen. The ID
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Figure 4.4: THz spectrum of THz transmission through a filled schnapps praline (dotted line)
and an empty praline (solid line). The reference is the dashed line.

card and the foam show a similar transparency of about 50% up to 1.2 THz in the
spectra on the right side in figure 4.5 Furthermore, for higher THz frequencies the
absorption of the foam and the ID increases in the same way. In the time domain
data the thickness variation of the ID and foam reveals a difference of about 1 ps
in the delay times. The FZD card has comparable geometrical thickness to the
ID card but has a much higher optical thickness H This can be seen in the larger
temporal delay of the THz main pulse. In the absorption spectra the FZD card
shows a transmission of about 20% up to 1.1 THz and a rapid decline for higher

frequencies. The transmission of the DVD box is nearly zero.

4.3 Summary and Outlook

The last pages demonstrate the capability and applicability of THz-TDS by study-
ing the transmission of paper sheets, chocolate pralines and different plastics. Fur-
thermore the THz refractive index of a SI GaAs wafer was determined.

THz TDS with high bandwidth needs short laser pulses and broadband emitters

1Optical thickness is the product of geometrical thickness and refractive index.
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Figure 4.5: THz transmission through different plastic cards in the time domain and in the
frequency domain.

and detectors. Additionally the steps for the temporal delay must be small in order
to meet the Nyquist criteria. The Nyquist criteria ensures that the sampling rate is
sufficient to allow perfect reconstruction of the signal from the measurement [133].
To avoid aliasing or frequency cutoff, the rule of thumb in digital signal processing
is that the sampling rate Vsgmping has to be at least twice the frequency band-
width of the signal Av. This means for a THz signal with Av = 5THz the step
length has to be below 100fs. For a high spectral resolution the THz wave has to
be recorded over a long time domain. All this leads to long measurement times.
For imaging applications, where the sample is moved in a horizontal and vertical
direction and a THz trace has to be measured at each position, the time effort in-
creases dramatically, if the measurement is realized, as presented, with mechanical
delay lines. An alternative option would be a continuously movement of the delay
line by using a retro-reflector mounted on a shaker (fast scan technique). Because
of the mechanical inertia this technique is limited to shaker frequencies of a few
10Hz and a maximum delay of about 20ps. A further development of the idea
of continuous moving mechanics are a rotating mirror pair and a fixed mirror in
the form of a cycloid [I34HI37]. With these delay lines, long time intervals can be
measured at high sampling rates. The drawback is the challenging alignment of the

mirrors in the laser beam path. Time delay without any mechanical movement can
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4.3 Summary and Outlook

be realized by using chirped pulses for detection [I38[139]. Hereby the time domain
information is converted into a spectral information of the near infrared sampling
beam. Likewise, asynchronous optical sampling (ASOPS) comes without having
a mechanical component. Thereby a second fs laser is used for detection. This
laser has a repetition frequency slightly offset from the excitation laser typically
are 1 GHz repetition rates with an offset of 10kHz. With this technique spectral

resolution of 1 GHz and sampling rates of 10 kHz combined with an excellent signal
to noise ratio have been realized [140-142].
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5 THz emission by frequency mixing

In this chapter we investigate THz emission generated by optical rectification of
near-infrared pulses (NIR), in the wavelength range between 1.1 ym and 1.6 ym.
For this purpose several laser systems are utilized. These includes an OPO, a fibre
laser and two different amplifier systems, OPA and TOPAS, with pulse energies
from 1.5nJ, 3nJ, 0.7 uJ and 30 pJ, respectively (more details on the laser systems
can be found in appendix [AJ]). The first object of investigation is an organic
salt crystal named DAST. The second part deals with GaAs as nonlinear medium.
Hereby a specific topic will be polaritonic phase matching between the NIR and
THz beams in a GaAs slab.

5.1 Optical rectification with DAST

The organic ionic salt crystal DAST (4-N,N-dimethylamino-4’-N’-methyl stilbazolium
tosylate) is known for its large nonlinear and EO coefficient. It was first shown to
be an efficient THz emitter via optical rectification in 1992 [143]. In table (.1l the
second-order nonlinear coefficient and its Pockels coefficient are provided for the
wavelength of 800 nm and 1535nm. At a wavelength of 800 nm the second-order
nonlinear coefficient of DAST is almost twelve times larger than the coefficient of
GaSe, a widely employed material for broadband THz rectification [144]. The draw-
back of a DAST crystal as emitter or detector is an absorption dip around 1.1 THz
in the THz spectrum. This is attributed to a transverse optical-phonon originating
from an anion vibration in the DAST lattice. However, in the last years DAST has
been established as a benchmark for THz devices working with fibre lasers around
1.55 um. To find the optimum thickness of the DAST crystal two things have to
be considered. While a thicker crystal provides a larger THz generation volume, a
thinner crystal has a reduced THz absorption. Furthermore a thicker crystal only

makes sense as long as phase matching is fulfilled and the coherence length for
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5 THz emission by frequency mixing

wavelength (nm) | ry1; (pm/V) | x111 (pm/V)
800 nm 80 1200
1535 nm 50 500

Table 5.1: electro-optic coefficients 75, and nonlinear susceptibilities, x1;; of DAST [145]

a certain pair of THz frequency and NIR wavelength is greater than or equal to
the crystal length. Additionally, increasing thickness causes the production of high
quality crystals to be more challenging. The final compromise for 1.5 um excitation
was a 0.58 mm thick DAST crystal [146], which was purchased from Rainbow Pho-
tonics. For excitation two different femtosecond laser systems were applied, first a
fibre laser (FFS.SYS from Toptica) with 100 fs pulse length, 1550 nm wavelength
and 78 MHz repetition rate. The second laser system was an optical parametric am-
plifier (OPA 9840) supplied by Coherent. Inc, which was driven by a regenerative
Ti:Sa amplifier (RegA 9040). The measured pulse length of the OPA was between
100fs and 120fs (FWHM) with a repetition rate of 250 kHz and a wavelength tun-
ing range from 1100 nm to 1600 nm. For imaging the generated THz radiation we
used two parabolic gold mirrors arranged to a telescope. In both cases detection
was achieved with electro-optical-sampling (EOS) in a (110) oriented ZnTe crys-
tal. For that we needed a sampling beam around 800 nm. In the case of the fibre
laser we applied second harmonic generation to produce a 775nm beam. For the
measurements with the OPA, a small part of the 800 nm beam from the RegA was
split off before entering the OPA. In order to overlap the NIR sampling beam with
the THz beam we utilized indium tin oxide (ITO) which is transparent at NIR
wavelengths but reflective in the THz range.

In figure 5.l a measurement of the THz field trace is illustrated using the fibre laser
at a pulse energy of 1nJ. The peak to peak value of the THz field was calculated
to be 3V /em by using equation The THz spot at the ZnTe crystal was deter-
mined to be 500 um by moving the THz beam relatively to the NIR beam. This is
achieved by tilting the ITO mirror [60]. Using the THz pulse duration of approxi-
mately 3 ps, as shown in figure [5.1] the THz peak power was calculated to be 2 uW.
Figure G.1Ib illustrates the THz spectra obtained by fourier transformation of the
THz traces detected with ZnTe crystals of two different thicknesses (100 ym and
1 mm, red and black graphs respectively). The spectrum ranges from 0 to 3.5 THz.

84



5.1 Optical rectification with DAST

For higher THz frequencies the coherence length in ZnTe becomes shorter. While
for 2 THz the coherence length is about 2mm, it is below 300 pm for 2.5 THz [25].
If the coherence length is shorter than the crystal thickness, the spectrum drops
much faster for increasing frequencies. Because of this phase mismatch the thinner

detector crystal in figure 5.1 (b) has a better response at higher THz frequencies.
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Figure 5.1: THz pulse generated by optical rectification of 1.55 um pulses in a 0.58 mm thick
DAST crystal and detected by electro-optic sampling in a ZnTe crystal using a frequency
doubled probe beam (A=775nm). Field trace in the time domain (a), fourier transformed
amplitude for two detector crystals (b). The red curve correspond to a 100 um thin ZnTe
detector crystal and the black to a thicker (1 mm) ZnTe detector crystal. Logarithmic plot of
the fourier transformed amplitude detected with the 1 mm ZnTe crystal (c).
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5 THz emission by frequency mixing

In figure 5] (¢) the spectral amplitude is plotted on a logarithmic scale in order to
highlight the characteristic absorptions in a DAST crystal. The first absorption dip
is at 1.1 THz and originates from the already mentioned optical-phonon resonance.
The second absorption dip is located around 3 THz. This absorption has already
been observed [145,[147] and is also attributed to an optical-phonon resonance. The

signal-to-noise ratio can be estimated to around = 10? (figure 5.1] (¢) dotted line).
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Figure 5.2: THz trace generated by optical rectification in a 0.58 mm thick DAST crystal
excited at 1400 nm and detected by electro-optic sampling in a 200 um thick ZnTe crystal
using a probe beam with A=800nm. The excitation was with a pulse energy of 200 nJ by
using the OPA. Right: Normalized THz spectra generated at different pump wavelengths.

Figure illustrates the THz pulses generated with the OPA at a pulse energy of
200nJ. In order to detect the THz pulses a 200 ym thick ZnTe crystal was applied.
For wavelengths in the range from 1300 nm to 1500 nm no significant change of the
THz field amplitude was observed, while for excitation wavelength below 1300 nm
a slight decrease was seen. On the right side in figure the spectra of the emitted
THz radiation for several pump wavelengths are shown. The spectra are normalized
to their maximum value. Below 1 THz the amplitude drops with increasing wave-
length while between the two absorption frequencies 1.1 and 3 THz the spectral
amplitude is similar for all NIR wavelengths. Schneider et al. [145] have inves-
tigated the phase matching in DAST crystals for several excitation wavelengths.
They found a similar pattern, observing that the spectra were nearly independent

of the excitation wavelengths between the absorption dips, while for frequencies
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5.1 Optical rectification with DAST

parameters fibre laser (1.55 um) | OPA (1.4 ym)
NIR pulse energy (nJ) 1 200
repetition rate 78 MHz 250kHz
NIR pulse duration 100 fs 100 fs
peak to peak THz field strength (V/cm) 3 140
THz pulse energy (J) 7.5-107"% 1.6-107*
average THz power (nW) 0.6 4
THz peak power (W) 2 5-10°
photon conversion efficiency at 2 THz 1.2-107° 1.3-10°°

Table 5.2: THz pulse properties and photon conversion efficiency for optical rectification in
a 0.58 mm thick DAST crystal with two different laser systems.

below 1 THz and above 3 THz the relative THz amplitude increased for decreasing
excitation wavelength. Since the cutoff frequency in our measurement is around
3.5 THz we can not investigate the spectral region above 3 THz. This upper fre-
quency limit is mainly given by the properties of the detector material. In table
various quantities of the generated THz pulses are summarized for the fibre
and OPA laser system. For the higher pulse energies with the OPA we obtained
higher THz fields, however, the THz field does not rise linear with the NIR power.
Schneider et al. [I45] attributed this to a decrease of pump pulse energy through
two-photon absorption in DAST. They estimated the two-photon absorption coeffi-
cient in DAST to 0.7 cm/GW. Later we will determine this coefficient in GaAs and
we will find out that this effect is much higher in GaAs then in a DAST crystal.
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5 THz emission by frequency mixing

5.2 Optical rectification with GaAs

5.2.1 Bulk GaAs

The simplest way to generate THz radiation by optical rectification in GaAs is us-
ing a bulk (110) oriented GaAs crystal. Because the susceptibility depends on the
crystal orientation relative to the polarization of the NIR beam (see section 2.1.7]),
the contribution of the THz radiation depends on the azimuthal angle between the
space CoordinateEI and the crystallographic coordinate at normal optical incidence.

Figure shows this typical azimuthal dependency for rectification in a 625 um
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Figure 5.3: THz signal from (110) oriented bulk GaAs with a thickness of 625 um in depen-
dences from the azimuthal angle between space coordinate and crystallographic coordinate
at normal optical incidence. The red line serves as references from a theoretical model in
ref. [I48]. The squares are from experimental data obtained by excitation with the TOPAS.

thick (110) oriented GaAs wafer. These results correlate very well with data pub-
lished by A. Rice et al. [148] where the polarization of the THz beam was parallel
to the dipole detector axis used for detection. Although we detect by EOS and
not by a photoconductive device as in ref. [I4§], the results prove that the applied
detection geometry with a (110) ZnTe crystal is sensitive to the x-component of
the THz field as it was shown in section figure This is the case if the
polarizations of the NIR sampling beam and THz beam are parallel [I49]. It has

IFixed coordinate system where the z-axis is the propagation direction of the NIR beam, the
y-axis is perpendicular to the optical desk and the z-axis is the direction of the polarization
of the NIR beam. The azimuthal angle describes the rotation of the crystal around z.
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5.2 Optical rectification with GaAs

been shown that the whole setup has a better efficiency for parallel than for or-
thogonal polarizations between NIR and THz. Furthermore the curve in figure [5.3]
is a verification that in our setup the second-order optical rectification in GaAs is
the major nonlinear process that generates THz radiation.

Since the energy gap in GaAs corresponds to a photon wavelength of 873 nm at room
temperature, GaAs is transparent above this wavelength. However, for higher op-
tical pulse intensities nonlinear effects besides the second-order optical rectification
play a more important role, such as two photon excitation. These effects reduce
the transparency by increasing the absorption [I50]. In figure 54 the absorption
in (110) oriented semi-insulating GaAs at normal incidence is plotted for several
pulse energies achieved with the OPA or TOPAS for different wavelengths. While
the variation in the transparency for the different wavelengths is nearly constant, a

strong dependency on the excitation energy is observed.
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Figure 5.4: Transmission of the unfocused NIR excitation beam through (110) oriented
625 um thick GaAs wafer at normal incidence for several pulse energies reached with the
OPA or the TOPAS. The red graph represents a FTIR reference measurement.

For example when using a pulse energy of 20 uuJ, less than thirty percent of the
radiation is transmitted through the 625 um thick GaAs waferd. The two photon
absorption coefficient 3 is given by the relation I = I,/(1+ 8dl,). For excitation by

2Considering the reflection losses at the air-GaAs surface and the absorption relation I/l =
e~ 4 gives about 25% transmission with a=26cm~! and d = 625 um.
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5 THz emission by frequency mixing

the 20 uJ from the TOPAS the spot size of the unfocused spot was 5 mm, the two
photon absorption coefficient 3 is then about 30 cm/GW. The values of 5 found in
the literature span over the range of 20-30 cm/GW for wavelength above the band
gap [I5IHI53]. As expected, damage to the crystal surface occurred for higher
pulse energies, which was caused by the NIR beam being focused at a spot size of
~ 70 pm. As illustrated in figure 5.3 and [5.4] these preliminary experiments deter-
mined the optimal azimuthal angle to be 225° and the maximum level of excitation
energy whereby crystal damaging is avoided. In figure the obtained THz traces
are plotted for excitation with the OPA and the TOPAS. The electric field ampli-
tude is about 2V/cm and 15V /cm with excitation by the OPA and the TOPAS,
respectively. The spectral range in both configurations is about 2.5 THz. Again
sampling was conducted by applying a part of the 800 nm beam, which is driving
the OPA or the TOPAS, to a 200 um thick ZnTe crystal. By using the TOPAS for
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Figure 5.5: THz trace generated by optical rectification in a 625 um thick GaAs crystal at
1350 nm and detected by electro-optic sampling in a 200 um thick ZnTe crystal using a probe
beam with A = 800nm. Left: Excitation was with a pulse energy of 0.6 uJ by using the
OPA. Right: Excitation with a pulse energy of 20 uJ by using the TOPAS. Insets: related
THz spectra obtained by fourier transformation of the time domain data.

excitation the NIR pulse energy was about thirty times higher than when using the
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5.2 Optical rectification with GaAs

OPA, however the THz field amplitude rose only sevenfold. This results in a THz
photon conversion efficiency of ~ 3-107% and ~ 107 for the OPA and the TOPAS,
respectively for a THz photon energy corresponding to 1 THz. Figure B0 illustrates
another experiment where the emitted THz field was recorded as a function of the
excitation pulse energy. This made it apparent that for pulse energies below 300 nJ
the THz amplitude scales linear with the excitation pulse energies, while for pulse
energies above this threshold the dependency is sub-linear and finally for pulse ener-
gies above 20 pJ it stays almost constant. This is somehow unexpected because in a
straightforward consideration the THz field amplitude would scale linearly with the

NIR intensityl. To some extent, the decreased efficiency for higher pulse energies
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Figure 5.6: Emitted THz field for several excitation energies obtained by rectification in a
(110) oriented GaAs crystal with the OPA (red triangles) or the TOPAS (black squares) at
a wavelength of 1300 nm. Inset: Enlargement for the range which was accessible with the
OPA. The solid line is a linear fit based on the data between 0 and 0.3 uJ.

can be attributed to two photon absorption as a competitive nonlinear effect as it
was plotted in figure 5.4l Basically the high NIR pulse energies generated by the
TOPAS lead to a surface damage on the GaAs emitter which in turn could finally
evaporate the device surface. In order to circumvent the two photon absorption in
GaAs the excitation wavelengths could be shifted above 1800 nm.

In the theoretical chapter it was suggested that the THz spectra might be

3The NIR excitation spot size was always kept constant to 70 um FWHM
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5 THz emission by frequency mixing

tuned by adjusting the excitation wavelength during polaritonic phase matching.
However, this has not been observed so far. Up to now THz generation was studied
in a GaAs crystal with a thickness of 625 um. In equation (2.I6]) it was shown
that for thicker crystals phase matching becomes more important than in thinner
ones. It is therefore necessary to investigate at what thickness polaritonic phase
matching becomes significant during optical rectification in GaAs. Another emerg-
ing question is the possible THz tuning range by phase matched optical rectification

in GaAs. The next section will deal with these questions in more detail.

5.2.2 Phasematching in GaAs
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Figure 5.7: Coherence length in GaAs as a function of optical wavelength (a) and THz
frequency (b) calculated using equation 511

The relation (2.20) in section implies that phase matching is accomplished
when the phase of the THz wave travels at the velocity of the optical pulse envelope
(i.e. the optical group velocity v,). The appropriate coherence length determines
the phase mismatch between the NIR wave and the THz wave over the whole

distance. In other words, it provides a value for the walk-off length between the
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5.2 Optical rectification with GaAs

two fields. For difference frequency mixing and electro-optic sampling /. is now

e
l. = . (5.1)
Y M| _
WTH>Z nopt opt — g |Aopt NrHz

Using the refractive index data from the Sellmeyer Equation n2, = A+ B/(A\2,, —
C?) — D)\gpt (with A = 10.90600, B = 0.97501 um?, C? = 0.27969 um?* D =
0,00247 um =2 [154]), we find that at 1350 nm the effective optical refractive in-
dexti Nepr = Nopt — Aopt(dngpr/dN) equals 3.61 . Comparing this result with the
measurements of the THz refractive index in chapter 4 (figure [4.2)) it is apparent
that at around 1.35 ym an acceptable matching between the NIR refractive index
and the THz refractive index can be achieved. The reason for this matching is the
reststrahlen region in GaAs as already discussed in 2Z.1.5l Using equation (B.]) and
the refractive indices in the NIR and THz range we can calculate the coherence
lengths as a function of the NIR excitation (figure [B.7(a)). Because of the pole in
equation (B5.1J) the coherence length becomes infinite for a certain pair of NIR wave-
length and THz frequency. This is the region where the phase matching is perfect.
This region shifts to higher THz frequencies if the NIR wavelength is tuned to a
shorter wavelength for instance: 3 THz matches to 1250 nm while 4.2 THz matches
to 1100 nm (figure B.7(b)). In figure (B.7(a)) we also observe a strong broadening
for lower frequencies of the coherence length [.. For instance for a 2 THz frequency
the region where the coherence length is larger than 2 mm ranges from 1280 nm to
1375 nm while for a 1 THz frequency the phase matched NIR wavelength ranges
from 1260 nm to 1450 nm. Even for a 0.5 THz frequency the phase matching for
crystals up to a thickness of 1 mm is perfect over the whole laser tuning range of 1.1
to 1.6 pm. This offers one explanation to the questions raised at the end of section
(5271 concerning the “threshold thickness” of the GaAs at which polaritonic phase
matching becomes important. It is therefore apparent that for a crystal thicknesses
less than 2 mm no significant tuning of the THz output is possible by adjusting the
NIR excitation wavelength. On the other hand the crystal thickness cannot become
infinite because the dispersive broadening of the NIR excitation pulse reduces the
efficiency of a second order nonlinear process. Bakunov et al. [155] showed that for

a laser with 1.5 um wavelength and a pulse duration of 150 — 200 fs the optimum

4N, tf see chapter 2 section 2.1.5
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5 THz emission by frequency mixing

thickness of a GaAs slab should be around 1cm. Adopting these insights to our
laser system with pulse durations around 100 fs the optimal slab length should be
in the range of 5 to 10 mm. The next section presents such a GaAs slab for phase

matched optical rectification.

5.2.3 GaAs slab

1625 pm
<110>

<110> < 2 mm

v

Figure 5.8: Sketch of the cleaved GaAs slab.

The slab employed in this experiment is made from a 625 gm thick (100) oriented,
semi-insulating GaAs wafer. It is cleaved starting from the flat of the wafer with a
length of 6 mm and a width of 2mm. Since the surface of the flat in such a wafer
has an orientation of (110), the second-order susceptibility tensor has a nonzero
component, and therefore the facets can be used as coupling surfaces for the NIR
excitation beam (see fig. [.8). To prevent losses from radiation leaking at the
upper and lower end of the slab, which would not be imaged to the detector, both
sides were metallized using chromium-gold layers. Furthermore, this metallization
enhances the overlap between the NIR beam and the generated THz beam. Before
we start with the experimental investigations of THz emission from a GaAs slab
we will first have to look at the propagation of a THz wave in such a structure.
In figure a simulation illustrates how the transverse electric (TE) mode with
a frequency of 1 THz propagates in such a structure. The calculations were done
by applying a finite element method using the commercial program Comsol. The
program solves the wave equation including the corresponding boundary conditions

at the interfaces.
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Figure 5.9: Field distribution of an in-plane TE wave with a frequency of 1 THz in the GaAs
slab and its transition to air. Plotted is the electric field component perpendicular to the
viewing plane (left). The right side illustrates a line plot of the field cross section at the red
dotted line in the simulation at the left. The simulation was performed with finite element
method using the commercial simulation program Comsol.

In the simulation the NIR beam has a spot size of 70 um (FWHM) and penetrates
the slab on the left side in figure From there it generates the THz radiation
which is then propagating through the slab before reaching the GaAs-air interface.
On its way through the slab the THz wave is multiply reflected at the gold layers as
well as reflected internally at the GaAs-air interface. These multiple reflections and
the superposition of the resulting modes induce the structure of the illustrated field
distribution. Because of the dimensions with respect to the wavelength, the slab
acts like a multimode waveguide. The reason for the simulations was to get an idea
about the THz guiding and about the THz outcoupling. The simulation showed
that less than fifty percent of the THz field is coupled out to the air, the rest is
trapped in the slab. This could be enhanced by using a substrate lens or a sort of an
anti-reflection layer. The line plot of the field cross section on the right side in figure
clarifies the multimode characteristics of the slab. Furthermore it was found
that at low frequency the slab is limited by a cutoff frequency, where the dispersion
relation of the slab becomes imaginary and propagation is not possible. This cutoff
frequency was around 300 GHz in the numerical calculation. On the high-frequency
side it was found that for frequencies higher than 4 THz the superposition of the
several modes in our numerical model is highly problematic, resulting in a sharply

reduced outcoupling efficiency.
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During the measurements with the 625 ym thick bulk GaAs wafer in the previous
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Figure 5.10: THz spectra of a slab-emitter for few exemplary excitation wavelengths, the
driving laser system was the OPA with a pulse energy of 0.2 ;1J. For comparison the spectrum
of the bulk emitter is plotted (dotted light gray). The largest field amplitude was for 1.4 ym
excitation (see figure [5.11).

section no significant changes in the emitted THz spectra were observed by tuning
the excitation wavelength. In figure 510/ the THz spectra from the GaAs slab were
plotted for several exemplary excitation wavelengths. Within the slab there was
some evidence of changes in bandwidth of the emitted THz radiation. As predicted
by the phase matching model in figure .7 the shorter the excitation wavelength
the higher the frequency components in the emitted spectra. From the simulations
with the Comsol program, a low frequency limit for the propagation of a THz wave
was predicted at a cutoff frequency of around 300 GHz. In fact, during the testing
phase a cutoff was observed for frequency components below 0.4 THz. This is the
reason why the spectra in figure vary only on the higher frequency side with
modified excitation wavelength. In order to understand the underlying physical

mechanism for this cutoff in the low frequency limit we will have to look at the
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5.2 Optical rectification with GaAs

dispersion relation for TE waves in the slab. The wave equation is given to be

2 2,2
0oL _ (” d —k2> E. (5.2)

2 2
Ox g

The solution for this type of differential equation is

mmx

E(x) = Ey - sin I

(5.3)

where d is the slab thickness and m the solution for the m TE mode. The disper-
sion relation is calculated by inserting (5.3]) into (B.2)), which gives the dispersion

relation for the wavenumber &

(5.4)

For example for our slab with a thickness d of 625 ym and m=1 the cutoff is roughly
100 GHz. Compared to the numerical calculation and the observational findings
throughout the experiment this result is considerably lower. The reason for this is
that in the analytical model the size of the source has been ignored. For a laser
spot size of 70 um the source is much smaller than the wavelength corresponding
to frequencies of around several 100 GHz, therefore the first order modes of these
frequencies can not propagate efficiently in the waveguide and the real cutoff is at
higher THz frequencies than 100 GHz.

However, also on the high-frequency side in the emitted THz spectra we would
expect a stronger shift to higher THz frequencies for shorter excitation wavelengths.
For instance for an excitation wavelength of around 1250 nm the phase matched THz
frequency is 3 THz as predicted in section [5.2.2] while the spectrum drops rapidly
already above 2.5 THz in figure[5.10. There are two main reasons for this decrease of
the high-frequency components. The first reason is the dependence of the coherence
length on the excitation wavelength in figure 5.7 There the pole for higher THz
frequencies is much sharper then for lower ones. Now we have to consider the
bandwidth of the NIR laser pulse, which is typically around 100 nm for the OPA
and even higher for the TOPAS (see laser spectra in appendix [A]). Convoluting
now the coherence length from figure 5.7 with the NIR spectra of the laser leads to a

much better overlap for the lower THz frequencies. In other words, excitation by a
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5 THz emission by frequency mixing

spectrally broad laser pulse always fulfills the phase matching criteria for frequency
components between 0.5 to 1 THz. At this stage those frequency components are
the dominating part of the emitted spectra. Only for a larger crystal length or a
sharper excitation spectra should it be possible to tune the higher THz frequencies
by adjusting the excitation wavelength.

The second reason for this drop on the high-frequency side is a geometrical one.
This is because higher THz frequencies have the drawback of a stronger multimode
characteristic of the waveguide. Resulting in an enhanced superposition in the slab
between the several modes coming from the multiple reflections at the interfaces
in the slab. Due to random imperfections these modes are getting out of phase
and smeares out the signal. Both limitations on the high as well as on the low

frequency side result in a preference for frequencies between 0.5 to 2.5 THz. In
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Figure 5.11: THz emission from GaAs-slab in dependence of excitation wavelength. The left
figure illustrates the peak to peak value of the THz field in the time domain while on the
right side the relative bandwidth of the emitted spectra is plotted. Excitation was again by
the OPA laser system with a constant pulse energy of 0.2 11J.

addition to the spectral maximum of the emitted radiation attention needs to be
paid to the field amplitude in the time domain and the bandwidth of the emitted
radiation. In principle the THz field amplitude should become enhanced if the phase
matching condition between the NIR excitation beam and the generated THz beam
is fulfilled. On the left side in figure .11l the THz field is plotted in dependence

of the excitation wavelength. Squares represent the experimental data, while the
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5.2 Optical rectification with GaAs

solid line serves as a visual guide. Again, excitation was by the OPA laser system
at a constant pulse energy of 0.2 uJ. The maximum THz field emission (peak to
peak) was for an excitation wavelength of around 1.4 gm. This maximum highlights
that a NIR laser pulse with a bandwidth of 100nm and a central wavelength of
1400 nm matches to most of the THz frequencies in figure 5.7l The dependence of
the 20dB bandwidth on the excitation wavelength is illustrated on the right side
in figure B0l It is shown that the bandwidth remains constant up to 1400 nm
and then decreases to less then half of the maximum value within an increase of
the excitation wavelength of about 150 nm. The reason for this narrowing in the
emitted spectra is that, on the high-frequency side, phase matched THz frequencies
decrease with increasing wavelengths (figure [B.10). On the low frequency side the
aforementioned frequency cutoff in the slab prevents a “red” shift of the spectra.
This underpins that the phase mismatch in the slab between THz signal and NIR

beam grows for excitation wavelengths above 1400 nm.
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5 THz emission by frequency mixing

5.3 Discussion and Summary

In this chapter we investigated the properties of pulsed THz sources based on
optical rectification with NIR pulses between 1.1 and 1.6 um. For this purpose
three different laser-systems were utilized. Firstly a high repetition fs fibre laser
with a fixed emission wavelength of 1.55 yum and with pulse energies in the nJ-
range was selected. The second laser system was an optical parametric amplifier
with a tuneable emission wavelength of between 1.1 and 1.6 yum and with pulse
energies of around 200nJ. TOPAS, another optical parametric amplifier also with
a tuneable wavelength of 1.1 to 1.6 um but with a much higher pulse energy range
of around 10 pJ, completed the selection of laser systems. The first crystal was
the organic salt crystal DAST. The DAST crystal showed the highest THz field
amplitude of 140 V//em (peak to peak) by excitation with the OPA at 200 nJ with a
bandwidth of 3.5 THz. The photon conversion efficiency was about 107% with a THz
photon energy corresponding to 2 THz. The drawback of the DAST emitter are its
absorption dips in the emitted spectra at 1.1 and 3 THz due to phonon resonances.
The second investigated nonlinear material for optical rectification was the GaAs.
GaAs is deemed to be an efficient emitter because of its high nonlinearities and
especially due to its dielectric function allowing polaritonic phase matching between
the THz and NIR beam.

It was found that the best phase matching point in GaAs between THz and NIR

was for an excitation wavelength of 1400 nm.

GaAs OPA with 0.6pJ | TOPAS with 204
pulse energy pulse energy
THz field (V/cm) 3 20
20 dB bandwidth (THz) 24 24
NIR absorption (cm™) 10 26
THz peak power (W) 14 70
THz photon conversion efficiency at 1 THz 3-107° 1077

Table 5.3: Main properties of THz radiation generated in GaAs with a 250 kHz pulse repe-
tition rate laser system (OPA) and a 1kHz pulse repetition rate laser system (TOPAS). The
excitation wavelength was 1350 nm.

However, when comparing the performance of the DAST crystal and the GaAs at
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telecommunication wavelengths, the DAST crystal generated a much higher mag-
nitude of THz fields than the GaAs at comparable crystal thicknesses (see table
and [0.2)). Even at higher excitation energies GaAs did not come close to the
emission performance of the DAST emitter. This was due to an increased absorp-
tion at higher NIR pulse energies in the GaAs crystal leading to a saturated THz
emission and a lower efficiency (table £.3]). The bandwidth of the emitted radia-
tion in both mediums was comparable. The predicted opportunity of tuning the
emitted THz spectra in a GaAs slab was observed, but it was not as strong as
expected. The reasons for that are the limitations in a simplified picture of the
THz guiding in a thicker crystal on the low frequency side as well as on the high-
frequency side. The limitations on the low frequency side are mainly the discussed
frequency cutoff in the slab for frequencies under 300 GHz. On the high-frequency
side the phase matching between a broadband NIR pulse and the phase matched
THz frequencies becomes more difficult. This is because the sharper divergence in
the coherence length for higher THz frequencies favors an overlap of a 100 nm broad
NIR pulse for frequencies between 0.5 up to 1.5 THz. These frequencies are always
phase matched and dominate the emitted spectra. Furthermore it was found that
the superposition of different modes in the slab is much stronger at higher THz
frequencies, resulting in stronger group-velocity dispersion in the waveguide.

Nevertheless the efficiency in converting NIR photons to THz photons remains at a
low level of 107 to 1078, A further enhancement for the THz emission with a GaAs
slab could be obtained by increasing the thickness of the crystal to about 1 cm. The
tunability within a GaAs slab could be optimized by using NIR excitation pulses
with narrower spectral width. In the investigations it has been shown that finding
waveguide geometries which are suitable for broadband THz pulses still remains a
challenging task. In one of the theoretical works by A. Marandi et al. [I56], he sug-
gests another type of a DFG based THz source by integrating appropriate optical
and THz waveguides. In their approach the THz wave is guided in a metallic slit
waveguide and the optical mode is guided in an dielectric slab which is integrated
in the metallic slit waveguide. Such kind of waveguides could be subject to further

investigations on this topic.
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A Appendix

A.1 Laser systems

In this work several laser systems were utilized. Table [A1] gives an overview of the

main properties of these lasers. In figure [A.1] some examples of spectra are shown.

Laser-system Manufacturer Jrep A (nm) Epuise | Trw s (fS)
oscillator (Ti:Sa) Femtolaser 78 MHz 800 6nJ 12
oscillator (Ti:Sa) | Spectra Physics | 78 MHz | 750-840 | 10nJ 70
oscillator (fibre) TOPTICA 78 MHz 1550 3nJ 100

amplifier Femtolaser 1kHz 800 0.8mJ 30
amplifier COHERENT | 250kHz 800 6 pJ 40
OPO APE Berlin 78 MHz | 1100-1600 | 1.5nJ 200
OPA COHERENT | 250kHz | 1100-1600 | 0.7 pJ 100
TOPAS LIGHTCON 1kHz | 1100-1500 | 30 uJ 50

Table A.1: Main properties of the used pulsed laser systems.

The main differences between the laser systems are their specific pulse energies

and operating wavelength range. The Ti:Sa systems, with a center wavelength of

around 800 nm, are employed for direct photoconductive excitation of THz radia-

tion in SI GaAs. In order to discuss the fundamentals of all laser systems, we will

have a detailed look at the kilohertz Femtolaser amplifier system, which is seeded

by the 78 MHz oscillator named ’Scientific sPro’. The resulting amplified beam is

then applied for driving the Traveling-wave Optical Parametric Amplifier of Super-

fluorescence (TOPAS) from Lightcon.
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Figure A.1: Typical laser spectra for the fibre laser, the OPA and the TOPAS with corre-
sponding bandwidths.

A.1.1 fs-Titanium-Sapphire-Oscillator

Because of the extremely broad gain spectrum, from 650 up to 1000 nm, and its
high third-order nonlinear coefficient, Titanium doped sapphire (7" AlyO3) has
become the most important laser medium for femtosecond laser technology. The
operation principle of an ultrashort femtosecond oscillator is based on two main
principles. These are the Kerr lens mode locking and the compensation of the
group velocity dispersion. This can be realized for instance by dielectric negatively
chirped mirrors. For pumping the Ti:Sa crystal a diode-pumped frequency doubled
solid state laser is utilized (5 W, Nd:YVO, Verdi V5 from Coherent). This pump
laser has an emission wavelength of 532 nm, which lies ideally within the absorption
band of the Ti:Sa ranging from 400 up to 600 nm [I57].

For a femtosecond pulse it is necessary that a broad spectrum of Fourier compo-
nents overlaps with a fixed phase relation to each other in the laser cavity (mode

locking). In a Ti:Sa crystal this can be realized by the already mentioned Kerr
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lensing. Thereby the effective refractive index n.rs becomes intensity dependent
because of the high y®)-polarization in a Ti:Sa crystal, Nerr = n+ ad. This means
that a transverse intensity profile induces a transverse refractive index profile like a
focusing lens. This results in a stronger focusing of short pulses with higher intensi-
ties than in cw mode with low intensity. If the cavity of the laser has a design (e.g.
a soft aperture ) which favors the more strongly focused modes, then the losses of
the cw-modes are so high because of a mismatch of the cavity. The laser cavity is
then more stable for pulsed operation than for cw operation. A small disturbance
is then sufficient to start the mode locking operation. This can be achieved for
instance by a small vibration or movement of one of the cavity mirrors.

Because of the group velocity dispersion different Fourier components have different
round trip times in the cavity. This would lead to a broadening of the pulse and
a disappearance of the Kerr effect. To prevent this most of the installed mirrors
introduce a negative dispersion in order to compensate this positive chirp accumu-
lated inside the laser cavity by air and the Ti:Sa crystal. The oscillator delivers an
output power of 480 mW at 78 MHz, corresponding to a pulse energy of 6nJ. The
spectrum is centered at 800 nm with a FWHM of 110nm and a pulse duration of
12fs (FWHM).

A.1.2 kHz Amplifier System

For driving the TOPAS efficiently much higher pulse energies are needed, than an
oscillator system with a high repetition rate can provide. This can be realized
for instance with the commercial system FEMTOPOWER COMPACT PRO from
Femtolasers GmbH, Vienna, Austria (figure [A.2)). The repetition rate of this sys-
tem is 1kHz. The description here gives just an overview of the main parts and
the physical basics in such a laser system, a detailed description can also be found
in Ref. [I58]. This system is a multipass amplifier based on the chirped pulse am-
plification method. Initially pulses from a Titanium-Sapphire-Oscillator (Scientific
sPro, Femtolasers) are stretched in time by adding a linear chirp in a stretcher,
lengthening the pulses from about 12fs to more then 10 ps. This is necessary to

prevent peak intensities during the amplification process which are beyond the

LA soft aperture is no real aperture but it is realized by focusing the pump beam into the Ti:Sa
crystal. The aperture diameter then corresponds to the spot size of the pump beam.
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Figure A.2: Simplified layout of the Femtolaser amplifier system. It consists of the 78 MHz
oscillator system (Scientific sPro) with the pulse stretcher, the amplifier stages with pock-
els cell (PC), Ti:Sa crystal and Jade pumplaser. On top of the picture the last module is
illustrated, the prism compressor.

damage threshold of optics and crystals utilized in the amplifier. Additionally, this
stretching increases the efficiency by enhancing the power transfer from the pump
laser to the amplified pulses. In the next step the stretched pulses are coupled into
the multipass amplifier which is pumped by an Q-switched diode-pumped frequency
doubled solid state laser (Nd:YLF Jade Thales) with a repetition rate of 1kHz and
a pulse energy of 20 mJ. After four passes through the amplifying Ti:Sa crystal, one
pulse out of the pulse train of preamplified pulses is picked out by a Pockels cell,
which is in turn triggered by the 1 kHz repetition rate of the pump laser. This pulse
passes an additional five amplification rounds through the crystal and is then out-
coupled to the prism compressor. In the compressor the pulse is finally compressed

to approximately 30fs. The so created NIR pulses have a spectral width of about
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40nm and a maximum pulse energy of 0.8 mJ with a 1kHz repetition rate.

A.1.3 Traveling-Wave Optical Parametric Amplifier of
Superfluorescence (TOPAS)

Figure A.3: Schematic layout of the TOPAS (Light Conversion Limited). The green line
represents the 800 nm pump beam provided by the kHz amplifier system. The pump is divided
into 3 parts by two beam splitters (BS) at the beginning of the TOPAS. The first BS reflects
about 90 % which is later employed for the final power amplification. The light reflected by
the second BS is applied for preamplification. The transmitted light is used for generating
the superfluorescence (SFL) in the BBO-crystal (purple line). Because of the wavelength
dependent diffraction at the grating (4), the SFL is spatially widened. The wavelength part
of the SFL that is amplified, can now be tuned by overlapping it with the reflected parts from
the two BS. This is realized by proper focusing the amplification beams and tuning the SFL

by tilting (4).

The TOPAS system is basically an Optical Parametric Amplifier (OPA). The
particular characteristic that distinguishes the TOPAS system from the OPA is
that at first a small part of the pump generates parametric superfluorescence (1.
and 2 in figure [A.3]) which is then amplified by the three stages of preamplifying
(3,4,5), and one stage of power amplifying (6) by using a geometrical arrangement
with a single nonlinear crystal (BBO). Because of an additional diffraction the

superfluorescence light is spatially widened. Since the pump light in the amplifying
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stages is focused to a smaller beam, only a narrower spectrum of the diffracted
beam will be amplified. This is how the wavelength and the bandwidth of Signal
and Idler beam are tuned. The power amplifier uses <90% of the pump energy and
is adjusted for high conversion efficiency along with good beam quality and short
duration of the converted pulses. To achieve energy stability of generated pulses
all the amplification stages are driven into saturation. At each stage the pump

intensities are adjusted for the particular pump pulse width and power used.

A.1.4 Optical Parametric Oscillator
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Figure A.4: OPO layout from Ref. [I59]. The red line represents the pump beam provided by
a femtosecond Ti:Sa system operating at a wavelength of 820 nm. The blue line indicates the
light generated in the cavity by the parametrical process. The output-coupler for the signal
beam is the end mirror M2. By moving this mirror and thereby changing the cavity length
the wavelength of the signal beam can be tuned.

The OPO cavity is a 5-mirror standing-wave system resonant to the Signal. In
figure [A 4] the cavity configuration is shown. The nonlinear crystal is a periodically
poled potassium titanyl phosphate (KTP). The main difference to the OPA and
TOPAS is that the OPO has a real cavity and the wavelengths of signal and idler
are tuned by the cavity length. The OPO is pumped by a mode locked Ti:Sa
(Tsunami Spectra Physics) with a wavelength of 820nm. Typical pulse duration
of the signal pulse is 250fs at a 78 MHz repetition rate and a tuneability of 1.1 to
1.5 pm.
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A.2 Lorentz Oscillator Model

In chapter 3 figure .2 we use the Lorentz Oscillator model for a theoretical descrip-
tion of the THz refractive index in GaAs. Here a short description of the main idea
of this model is given. A detailed derivation can be found either in [160] or [161].
In the reststrahlen region the radiation field interacts with the fundamental lattice
vibrations. For a simple description of this interaction between a photon and a
phonon we can use a harmonic oscillator model, where the coupling between the
lattice atoms is described by analogy to Hooke’s law. Furthermore, considering
damping and the optical electrical field as driving force leads us to the well known
differential equation

i+ yi 4 wor = %Eoe’i(“’t’kz), (A.1)

where the physical meaning of x(t) is the electron displacement. Using the common

—i(wt—kz

ansatz x(t)=xpe ) [160] and solving for the dielectric function gives

2

e(w) = €oo + Z%“_“ng_ Z‘j (A.2)
The Lyddane-Sachs-Teller relation connects the dielectric constants €44 for w — 0
and e, for w — oo with the long-wavelength phonon frequencies (% = (%)2)
By using wy — wro in[A2 the dielectric function and the refractive index in the
THz regime are then given by

Mg, = W) = e +

w%o(estatic - 6oo) A
Wiy — w? — iwy

where wro is the resonance frequency, also known as the transverse optical phonon
frequency (wro = 268.7cm™'), v = 2.4cm™! is the phonon damping constant,
and €gqtic — €00 = 12.8 — 10.8 = 2.0 is the difference between the static and high
frequency dielectric constant [23/[57] in GaAs.
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